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ABSTRACT 
Chemical and physical erosion processes have been investigated in a wide 
range of high sediment-yielding rivers from New Zealand using major and 
trace element data from suspended sediments and fluvial bedload grain size 
fractions. Analyses of bedload samples from the Haast and Clutha rivers, 
which drain opposing flanks of the Southern Alps, suggest that weather-
ing is strongly partitioned between the chemical weathering of carbonates 
and physical weathering of silicates. The similarity of sediments from rivers 
draining both sides of the drainage divide indicates minimal climatic control 
on weathering intensity of fluvial sediments. Rather, bedload geochemistry 
is controlled primarily by mechanical attrition and hydrodynamic fraction-
ation. Combined with suspended and bedload sediment data from rivers 
throughout New Zealand, these findings suggest that HSI fluvial sedimentary 
evolution is dominated by physical weathering processes and that several 
cycles of sedimentary recycling may occur without production of a silicate 
chemical weathering signature. 
Average fluvial particulate compositions from New Zealand are similar to 
estimates of average upper continental crust (UCC) composition. Recalcula-
tion of global fluvial elemental fluxes using average New Zealand suspended 
and bedload sediment compositions as a proxy for sediment derived from all 
high standing islands (HSis, 33% of total) results in world average compo-
sitions that more closely resemble the UCC than previous estimates using 
major world rivers alone. New Zealand fluvial particulates are among the 
least chemically weathered in the world, with compositions that are modified 
from source rock chemistry by physical processes. 
The Bounty Fan (BF) represents the abyssal marine terminus of the east-
ern South Island sedimentary system (ESISS), which begins in the actively 
uplifting Southern Alps and includes fluvial and turbidity current sediment 
transport. The geochemistry of BF sediments is remarkably similar to par-
ent rocks on the South Island. Although sand-size fluvial bedload sediments 
from ESISS rivers display different compositions to parent rocks, the incor-
poration of the silt and finer fraction of ESISS bedload in BF sediments 
serves to preserve parent rock geochemical signatures. ESISS parent litholo-
gies are dominated by Mesozoic sedimentary rocks and their metamorphosed 
equivalents. Therefore, it is possible that at least two episodes of sedimen-




I would like to give thanks to my principle academic supervisor, Candace 
Martin, and to the University of Otago faculty and staff who made this 
work possible. These include: Damian Walls, Barry Anderson, Brent Poo-
ley, Mike Palin, Dave Craw, Keith Hunter, Malcolm Reid, Russell Frew, 
Loraine Patterson, Mike Trinder, Brian Niven, and John Harraway. Marc 
Norman provided substantial assistance and technical support during LA-
ICPMS trace element analysis at the Australian National University. NIWA 
staff were also very helpful: Bounty Fan sample splits were provided by Li-
onel Carter, and Murray Hicks gave excellent feedback on fluvial sediment 
flux estimates from New Zealand. This project was also enhanced by Pete 
Ryan, Ray Coish, the Middlebury College Geology Department, and Doug 
Sheppard. 
In addition, some friends kept me in line (or put up with me), and for these, 
I am grateful beyond words: 
Mike "VW" Begbie, Tim "Grizzly" Popham, Miwa-San Kitaoka, Tama 
"Mad Dog" Popham, "Soul" Schipper, Agata "Hmmm" Zurek, Mat 
"Super-Soul" Hobbs, Penelope "Rock On" Esplin, Tom Ferrerro, Robyn 
"RRRR" Cook, Mike "Dr." Mazzotta, Bill "Gringo" Boykin-Morris, 
Bryan "B-Dog McQuizzle" McQuade, Eric Skovsted, Mary Skovsted, Shaun 
Barker, Murray McClintock, Sara McClintock, Dane Springmeyer, Laurie 
Richmond, Donna Falconer, and Michelle Baker. 
One other person deserves special mention, and that is beautiful Molly May, 
who helped me through this in ways that I'm only beginning to understand. 
This work was funded by Fulbright New Zealand (special thanks to Laurie 
Wright), the University of Otago Postgraduate Fulbright Scholarship, and 
University of Otago Research Grants to Candace Martin. 
This has no utility and no meaning. It is simply beautiful. It has a great 
emotional effect if you understand it. Of course if it meant anything it 
would be easier to understand, but it would not be worthwhile. 
-Alexander Calder 
You see some folks out on the river 
Cool, scientific and clean, 
they look like everything just kind of stuck to them 
the last time they walked through old L.L. Bean 
My friend Dave says that good fishermen are the 
ones that have fun and we will. 
I'm going fishing with Bill. 
-Greg Brown 
Waves are where you find them. 
-Christopher Schipper 
"Oh elephant" they say, 








2.2 Laboratory . . . . . . . . . 5 
2.3 Initial Sieve Contamination Testing. 7 
2.4 Development of Analytical Methodology (LA-ICPMS) 8 
2.5 Conclusions . . . . . . 17 
3.1 Introduction . 
3.1.1 Weathering Signatures .. 
3.1.2 Compositional Variations 
3.2 Geological Setting . . 
3.3 Results . . . . . . . . . 
3.3.1 Major Elements. 
3.3.2 Rare Earth Elements . 
3.4 Discussion . . . . . . 
3.4.1 Major Element Weathering Indices 
3.4.2 Petrogenesis: Modal Mineralogy 
3.4.3 Grain Size Fractionation of REE 
3.4.4 Mineral Control on REE Distribution 















4 New Zealand Fluvial Geochemistry 





4.2 Results . . . 
4.3 Elemental Fluxes to the World Ocean 
CONTENTS 
4.3.1 Discharge Calculations . . . . . . . . . . . . . . . . 67 
4.3.2 Grain Size Effects . . . . . . . . . . . . . . . . . . 70 
4.3.3 Suspended Sediment- Transition Metals and Lead 76 
4.3.4 Bedload Sediment . . . . . . . . . 78 
4.3.5 New World Average Composition . . . . 81 
4.3.6 Flux Ratios . . . . . . . . . . . . . . . . 83 
4.3. 7 Differences in Global River Populations 
4.4 Chemical Weathering Signatures 






4.5 Conclusions 101 
5 Bounty Fan 103 
5.1 Introduction . . . . . . . . . . . . . 103 
5.2 Regional Setting . . . . . . . . . . 105 
5.3 Ocean Drilling Program Site 1122 . 106 
5.4 Bounty Trough Sedimentary History 107 
5.5 Sedimentary Sources . . . . . . . . . 114 
5.5.1 Eastern South Island Sedimentary System (ESISS) 114 
5.5.2 Eastern New Zealand Oceanic Sedimentary System 
(ENZOSS) . . . . . . 116 
5.5.3 Biopelagic Sediments . 
5.5.4 Rhyolitic Ash-fall . 




5.6.1 Major Elements. . 124 
5.6.2 Large Ion Lithophile Elements (LILE: Rb, Cs, Ba, Sr) 125 
5.6.3 High Field Strength Elements (Zr, Hf, Nb) 127 
5.6.4 Rare Earth Elements(REE) . . . 127 
5. 7 Discussion . . . . . . . . . . . . . . . . . 
5.7.1 Terrigenous vs. Biogenic Sources 
5.7.2 Provenance ........... . 
5. 7.3 Tectonic Setting . . . . . . . . . 
5.7.4 Hydraulic Fractionation and Weathering . 
5.7.5 Mineral Controls on REE Distribution . 
5.7.6 Principle Component Analysis 










6 Summary: Continental Source to Oceanic 
Appendices 178 
A Normative Mineralogy- Haast and Clutha River Bedload 
Sediment 179 
B Haast and Clutha Bedload Sediment Geochemical Data 183 
C New Zealand River Bedload Sediment Geochemical Data 189 
D Bounty Fan Sediment Geochemical Data 197 
E Component Analysis- Bounty Fan Sediments 203 
E.l PCA . . . . . . . . . . . 203 
E.2 Bounty Fan Results . . 205 
E.2.1 Major Elements. 
E.2.2 Trace Elements . 
E.2.3 Combined Major and Trace Elements 






2.1 Ca-normalised USGS standard SDC-1 . . . . . . . . . . . . . 11 
2.2 Ti-normalised USGS standard SDC-1 . . . . . . . . . . . . . 12 
2.3 Percent difference between XRF CaO and LA-ICPMS 43Ca 
concentrations vs. XRF CaO .·. . . . . . . . . . . . . . . . . 14 
3.1 87Srj86Sr vs. molar Ca/Sr for Southern Alps river waters and 
particulates ................... . 
3.2 Location Map, Haast and Clutha rivers . . . . 
3.3 Long section profiles, Haast and Clutha rivers . 
3.4 Major element variation diagrams . . . . . . . . 
3.5 Major element concentration downstream variations 
3.6 REE patternsof bedload size fractions 
3. 7 Geochemical classification diagrams . 
3.8 P205 vs. CaO . . . . . . . . . . . . . 
3.9 CIA values of bedload size fractions 
3.10 A-CN-K ternary diagram ..... . 
3.11 A-CNK-FM and S/10-CM-NK ternary diagrams 
3.12 La-Th-Sc ternary diagram ... 
3.13 Normative muscovite abundance 
3.14 Normative quartz abundance .. 
3.15 Normative albite abundance ... 
3.16 REE patterns for average bedload size fractions . 




















Basic basin characteristics a for global river population . 58 
Comparison of river catchment properties for global river pop-
ulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
xii 
4.3 Sample location map . . . . . . . . . . . . . . . . . . . . . . . 63 
4.4 Major elements vs. Ab03 in NZ river sediments . . . . . . . 68 
4.5 Comparison between suspended and bedload trace element 
concentrations . . . . . . . . . . . . . . . . . . . . . . 69 
4.6 Waiapu and Waiho river trace element concentrations 73 
4.7 Average New Zealand major element concentrations vs. Al203 80 
4.8 REE patterns of suspended sediments from NZ and other 
world rivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 
4.9 Trace element abundances of NZ suspended sediment and 
other world rivers . . . . . . . . . . . . . . . . 94 
4.10 asr vs. O'.Ba in NZ and world river sediments 97 
4.11 Average REE patterns for NZ bedload grain size fractions 98 
4.12 Multi-element abundances for NZ bedload and other world 
rivers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 
4.13 O'.Na, asa, and aK relationships in NZ bedload and other 
world river sediments ... 
5.1 Bounty Fan location map 
5.2 NZOI seismic line 2023 . . 
5.3 ODP Site 1122 composite stratigraphic section 
5.4 Site 1122 age-depth curve . . 
5.5 Bounty Trough cross section . 
5.6 Major ESISS rivers . . . . . . 
5.7 Glacial and interglacial sediment transport patterns 
5.8 Southern Ocean tectonic reconstructions . 
5.9 Southwest Pacific ocean water mass map . 
5.10 Loss on ignition vs. CaO for all Bounty Fan samples 
5.11 Variation diagrams of major elements vs. Ab03 from Bounty 
Fan sediments . . . . . . . . . . . . . . . . 
5.12 Sr vs. CaO for all Bounty Fan sediments . 














ments . . . . . . . . . . . . . . . . . . . . . 128 
5.14 Core depth vs. estimated carbonate content 130 
5.15 Variation diagrams of selected major elements vs. Al203 131 
5.16 Average REE patterns by stratigraphic unit 134 
5.17 Tectonic discrimination diagram . . . . . . 137 
FIGURES xm 
5.18 La-Th-Sc and Th-Sc-Zr/10 ternary diagrams ......... 138 
5.19 Major element comparisons of BF sediments and ESISS 
source rocks . . . . . . . . 
5.20 CIA vs. sample depth . . 
5.21 A-CN-K ternary diagram 






2.1 Trace element data from sieve contamination test . . . . . . . 8 
2.2 USGS reference material LA-ICPMS trace element concen-
trations .................. . 
2.3 Various LA-ICPMS normalisation results 




4.1 Fluvial sediment flux estimates for HSis 58 
4.2 Sample locations . . . . . . . . . . . . . 64 
4.3 Suspended sediment trace element concentrations . 66 
4.4 Sediment yield: river vs. region weighting . . . . . 70 
4.5 Trace element concentrations in bedload fractions and sus-
pended sediment . . . . . . . . . . . . . . . . . . . . . . . . . 72 
4.6 Transition metal concentrations from NZ suspended sediment 
and other world rivers . . . . . . . . . . . . . . . . . . . . . . 77 
4. 7 Average NZ and world fluvial particulate major element com-
positions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 
4.8 Trace element concentrations of NZ bedload grain size frac-
tions and other world particulates . . . . . . . . . . . . . . . 82 
4.9 Global elemental loads and flux ratios for transition metals 
and lead . . . . . . . . . . . . . . . . . . . . . . 86 
4.10 Global flux ratios for major and trace elements 87 
4.11 La, Ce, and Nd comparison of sediments to source rocks 93 
5.1 BF average compositions by stratigraphic unit ........ 123 
5.2 Selected elemental ratios for BF sediments and potential 
source materials . . 132 
xvi LIST OF TABLES 
A.1 Clutha bedload normative mineral calculations 180 
A.2 Haast bedload normative mineral calculations . 181 
B.1 Haast and Clutha bedload sediment major element data 184 
B.2 Haast and Clutha bedload trace element data . . . . . . 186 
C.1 New Zealand river bedload sediment major element data . 190 
C.2 New Zealand river bedload sediment trace element data 193 
D.1 Bounty Fan sediment major element data. 198 
D.2 Bounty Fan sediment trace element data. 200 
E.1 Bounty Fan major element PCA 206 
E.2 Bounty Fan trace element PCA . . 207 
E.3 Bounty Fan major and trace PCA 208 
Chapt 
This thesis traces the geochemical evolution of fluvial sediments from con-
tinental source to oceanic sink. Two specific fluvial-marine sedimentary 
systems are investigated: (1) The eastern South Island sedimentary system 
(ESISS), which links the axial ranges of the Southern Alps with the deep 
ocean off the eastern seaboard of the South Island, and (2} the global-scale 
sedimentary transport system, which is highly influenced by sediment fluxes 
from high standing islands (HSis), including New Zealand. 
The document itself is divided into four main chapters; in theory, each 
chapter has been written to 'stand alone,' with its own introduction, results, 
interpretations, and conclusions. This layout should help guide the reader 
through each successive stage of the the sedimentary cycle, from downstream 
fluvial transport to deep-ocean deposition. A brief summary of each chapter 
follows. 
Chapter 2, Methods. This chapter describes the analytical methodology 
developed in order to obtain both major and trace element data from a single 
sample split. The chapter delves fairly deeply into the potential pitfalls 
associated with the analysis of fused glasses by laser ablation inductively 
coupled plasma mass spectroscopy (LA-ICPMS). The development of this 
analytical technique involved substantial time and energy, and is relevant to 
anyone who is considering major and trace element analysis of bulk rock or 
sediment splits. 
Chapter 3, Fluvial Elemental Transport, Haast and Clutha Bedload. This 
section documents the geochemical evolution of fluvial b~dload sediments 
from headwater streams to river mouths. The Haast and Clutha rivers drain 
2 Introduction 
opposing flanks of the Southern Alps. The western slope of the range (Haast) 
is characterised by high rates of uplift, steep slopes and high rainfall. In 
contrast, the eastern slope (Clutha) displayslower uplift rates, more gentle 
river gradients, and lower rainfall. As the residual products of weathering, 
bedload sediments retain a geochemical signature that is the product of 
parent rock composition and chemical and physical differentiation during 
sediment generation and transport. Comparison of bedload sediment grain 
size fractions along the full length of the Haast and Clutha rivers helps 
characterise the relative importance of chemical and physical weathering in 
rivers draining orogenic regions. 
Chapter 4, New Zealand Fluvial Geochemistry. Chapter 4 builds upon 
Chapter 3 by incorporating geochemical data from suspended and bedload 
samples from the mouths of the highest sediment-yielding rivers in New 
Zealand. New Zealand is one of the largest of the high-standing islands 
(HSis) of the South Pacific. Despite their small land area, HSis are recog-
nised as one of the most important sediment-producing regions of the world 
(contributing ""'33% of the global fluvial sediment flux). The influence of 
river sediments on global average fluvial elemental flux calculations is 
relatively unknown. Chapter 4 presents data that fill an important gap in 
our understanding of the relationship between HSI-derived sediments and 
other global fluvial particulates. Global major and trace elemental fluxes 
are recalculated, and the relative intensities of chemical weathering between 
New Zealand and other world rivers are compared. Because these calcu-
lations are approached from a grain size perspective (i.e. both suspended 
loads and bedload grain size fractions are considered), the chapter addresses 
another key question: how important are grain size considerations in fluvial 
flux calculations based on single suspended-sediment sampling episodes? 
Chapter 5, Bounty Fan. Whereas the previous chapters were concerned 
with fluvial suspended and bedload sediments, Chapter 4 presents the results 
of analyses of deep-sea sediments from Ocean Drilling Program Site 1122 on 
the abyssal Bounty Fan (BF). The BF represents the distal terminus of 
the eastern South Island sedimentary system (ESISS), which begins in the 
actively rising Southern Alps and includes the rivers of the eastern South 
Island (i.e. Clutha). The BF is connected to the fluvial environments of the 
eastern South Island via an extensive set of submarine canyons. These are 
conduits for turbidity currents that mobilise sediment from the continental 
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shelf and deposit it rv900 km to the east in the abyssal fan. Because of the 
strong link between eastern South Island fluvial environments and the 
analysis of these sediments provides an ideal setting in which to examine 
the geochemical evolution of fluvial sediments as they are fractionated and 
deposited in the marine environment. In essence, BF sediments represent the 
distal depositional end-member of the sedimentary cycle that begins with 
erosion of Southern Alps bedrock. As such, comparison of these sediments 
to Clutha river bedload grain size fractions (Chapter 3) and other ESISS 
river bedload sediments provides a useful assessment of the preservation of 
parent rock composition in sedimentary rocks. 
Although each chapter contains a summary of conclusions, a brief syn-
opsis of the most important results from each chapter are brought together 
in Chapter 6. This chapter is intended to provide a synthesis of the inter-
relationships of the sediments investigated in the previous chapters, as well 
as provide suggestions for future work. 

2.1 Sampling 
River bedload samples were collected and stored in re-sealable plastic bags. 
Suspended sediments were collected in bottles and kept cool and dark until 
filtration in the lab. Samples were taken from near river banks at down-
stream locations just above tidal influence (i.e. where there was downstream 
unidirectional flow). Bounty Fan samples were obtained from Ocean Drilling 
Program (ODP) site 1122 courtesy of ODP and the National Institute of Wa-
ter and Atmospheric Research (NIWA). Dry splits were taken from sealed 
plastic bags and stored in glass vials. 
2.2 Laboratory 
River bedload samples were dried in beakers at 70 °C for > 24 hours and then 
dry sieved into > 2 mm, 2-1 mm, 1 mm-355 p,m, 355-63 p,m, and < 63 p,m 
fractions using stainless steel sieves and a mechanical shaker. Sieves were 
cleaned with a combination of brushes and compressed air between each 
sample. In samples where sufficient < 63 p,m material was obtained, a fur-
ther separation of< 20 p,m material was carried out by settling in de-ionised 
(DI) water in accordance with Stoke's Law. For selected bedload samples 
from the Haast and Clutha rivers, carbonates were removed by treatment 
with 0.1 M HCl for rv24 hr with repeated manual shaking. Suspended sedi-
ments were isolated by vacuum filtration using a Nalgene filtration unit with 
cellulose acetate filters (47 mm, 0.45 p,m pore diameter). Suspended sedi-
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ment concentrations were determined by weighing dry filters before and after 
filtration of a known amount of water (1 L). On the South Island, the Fox 
and Franz-Josef Rivers were sampled by bucket and suspended sediment was 
isolated by overnight settling and decantation. Suspended sediments were 
scraped from filters onto weighing paper and transferred directly into Teflon 
vials for HF -HN03 dissolution. 
For major element analysis by X-ray fluorescence (XRF) spectroscopy 
(Phillips PW 2400), sample size fractions were ground in an agate ball mill 
for 10-15 minutes and fused glasses were prepared as follows (Norrish and 
Chappell, 1977): 1.36000 g (± 0.1 mg) of sediment powder was mixed with 
6.8000 g (± 0.1 mg) of Sigma 12:22 X-ray flux (a commercial reagent consist-
ing of 12 parts Li2B407 and 22 parts LiB02) and rvl.O g of NH4N03 before 
fusion in 20 ml 95% Pt - 5% Au crucibles. Crucibles were heated using a 
combination of LPG and oxygen on an automated fusion caster (Phoenix 
4000, Automated Fusion Technology Ltd.) and agitated for at least 220 s 
following melting to ensure melt homogeneity. Melts were then poured into 
hot Pt-Au molds and quenched for 400 s with compressed oxygen. Crucibles 
were cleaned between fusions by soaking in hot 10% HCl and rinsing with 
DI. Loss on ignition (LOI) values were obtained from separate sample splits 
by heating in silica crucibles to 1050 °C for > 1 hr. 
Trace elements were analyzed by one of three methods: XRF (only 
for sieve contamination testing, see below), LA-ICPMS (river bedload and 
Bounty Fan sediments), or solution ICPMS (river suspended sediments). For 
analysis by XRF in the Geology Department at the University of Otago, 5 g 
of powdered sample was mixed with rv0.5 mL of Mowiol™ binder (polyvinyl 
alcohol) and pressed into disks under 5 tonnes of pressure in a hydraulic 
hand press. Disks were then dried overnight at "'60 °C to drive off excess 
binder. For LA-ICPMS analysis, XRF major element fused glass disks were 
sectioned, mounted in epoxy briquettes, and polished with diamond paste. 
Trace element analyses were carried out on briquettes by laser ablation in-
ductively coupled argon plasma mass spectrometry (LA-ICPMS) using a 
193 nm excimer laser system (Eggins and Shelley, 2002; Eggins et al., 1998) 
and an Agilent 7500 quadrupole ICPMS at the Research School of Earth 
Sciences, Australian National University. The instrument was operated in 
time-resolved mode using a dwell time of 20 ms per mass. The suite of trace 
elements was determined using a 70 p,m diameter laser spot size and a laser 
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repetition rate of 10 During ablation, the laser was operated in line scan 
mode by computer-controlled rastering of the sample stage below the sta-
tionary laser beam at "'5 p,m s-1 . NIST 612 glass was used for calibration 
of element sensitivity for all data using the values of Pearce et al. (1997) and 
Norman et al. (1996). Dry-gas backgrounds were measured for 20 s prior 
to each ablation. Oxide production was < 2.5% as measured by ThO /Th 
on the NIST 612 glass. Comparison of isotope pairs 95Mo-97Mo, 136Ba-
137Ba, 151Eu-153Eu, 157Gd-160Gd, 161Dy-163Dy, 166Er-167Er, 171yb_l73Yb, 
and 178Hf-180Hf indicates that oxide production does not cause interference 
throughout the mass spectrum of analyzed isotopes (except the specific in-
stances discussed below in section 2.3). Detection limits determined by 
Eggins (2003) for 1:5 sample:flux dilution lithium borate glasses under simi-
lar LA-ICPMS operating conditions to those of this study are 0.3-5 ppb for 
all trace elements except Ga, Rb, Zr, and Nb (8-19 ppb) and Sc, and V 
(100-260 ppb). 
Suspended sediment samples (prepared and run at the Research School 
of Earth Sciences, Australian National University; Marc Norman, analyst) 
were dissolved in screw-cap teflon vials using 2 ml of a 1:1 mixture of HF and 
HN03. Samples were initially refluxed overnight in this solution and dried 
on a hotplate. The residue was then mixed with 2 ml of concentrated HN03 
and refluxed overnight and dried on a hotplate before dilution to volume in 
4% HN03 to achieve a lOOOx dilution factor. The solutions were analysed 
on an Agilent 7500 ICPMS using USGS BHV0-1 for a calibration standard. 
2.3 Sieve Contamination Testing 
Sieving is the most likely source for contamination during river bedload 
sediment sample preparation. Brass sieves are clearly out of the question 
when trace metal analyses are intended. Plastic or polycarbonate sieves 
with disposable plastic mesh screens are the most suitable for samples used 
for trace element analysis, but the cost of mesh is often prohibitively ex-
pensive and plastic sieves are not easily used with standard sieve-shaking 
stands. Stainless steel sieves were chosen for this study because of their 
cost effectiveness and efficiency. To ensure that sample contamination did 
not occur from sieve attrition during mechanical sieving, coarse quartz sand 
from the Clutha River was subjected to 1 hr mechanical shaking through 
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Table 2.1: Trace element concentrations (XRF) of quartz sand and silt sam-
ples subjected to different sieve shaking durations. 
CL 14 2-355mrn CL 14 355-63mm 
10 min 30 min 60 min 10 min 30 min 60 min 
Sc 2 3 2 4 4 4 
v 19 20 21 27 28 31 
Cr 7 7 5 11 10 12 
Ni 8 8 8 9 9 9 
Cu 5 5 5 6 7 7 
Zn 18 18 17 21 22 22 
Ga 5 5 4 7 5 7 
As 1 1 1 3 2 3 
Rb 15 14 15 19 19 20 
Sr 52 51 50 101 113 121 
y 7 7 6 10 10 10 
Zr 41 38 39 57 60 64 
Nb 2 1 1 3 4 3 
Ba 72 63 72 90 91 97 
La 6 5 3 8 6 9 
Ce 8 8 10 14 13 15 
Nd 4 4 3 5 5 7 
Pb 9 9 9 9 11 11 
Th 1 1 1 2 3 2 
u 5 4 4 5 5 5 
2 mm, 355 p,m, and 63 p,m sieve mesh sizes. At 10 min, 30 min, and 60 min, 
representative samples were taken from each sieve fraction and analyzed for 
trace metal contamination by XRF pressed powder. These samples display 
no evidence of contamination, even from those recognised as constituents in 
stainless steel (Ni, Cr, Zn) (Table 2.1). Therefore, the abrasive action of 
sieving sand-size material, even for much longer periods than that used for 
this study (typically 10 minutes), does not appear to result in detectable 
trace element additions for the suite of elements analyzed by XRF. 
2 Development of Methodology 
Because of the small sample sizes (1-5 g) associated with the ODP Bounty 
Fan core splits obtained for geochemical analysis, traditional XRF trace ele-
ment analysis by pressed powder was unfeasible for this study. In addition, 
XRF trace element analysis is limited to lower mass rare earth elements, 
a restriction that can limit comparison with data obtained by other meth-
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ods. LA-ICPMS on fused glasses is a relatively new method of analysis that 
has been used with success on fused bulk rock samples (Becker and Dietze, 
1999; Yu et al., 2002); to the author's knowledge, this study represents the 
first application of this method to fluvial and marine sediments. The main 
advantages of utilizing LA-ICPMS on fused glasses are that it is a fast and 
simple sample preparation that effectively dissolves resistant mineral phases 
without the need for acid dissolution, and that it allows for the analysis of 
major and trace elements on a single sample split. Although LA-ICPMS has 
detection limits that are higher than solution ICPMS, its resolution is suffi-
cient for the range of elements commonly contained in rocks and sediments. 
Unfortunately, transition metals such as Co, Ni, Cu, Zn and Pb do not dis-
play conservative behavior during fusion and therefore can not be reliably 
analyzed by this method. In this study, XRF glasses at 1:5 sample:flux di-
lutions (Eggins, 2003) were used to satisfy methodological requirements for 
complete and homogenous fusion and provide the maximum possible count 
rates during LA-ICPMS analysis. Although more concentrated glasses (e.g. 
1:3 sample:flux ratio; Yu et al., 2002) provide higher count rates during 
analysis, the fusion method used in this study became difficult to control at 
low flux dilutions due to the production of viscous melts. All samples were 
analyzed at concentrations well above detection limits (see 43Ca limitation 
below). 
Initial analyses focused on a suite of USGS standards in order to assess 
the feasibility of using this new method with the preexisting facilities for 
XRF major element glass production at the University of Otago. Results 
for 43Ca-normalised analyses of USGS standards BCR-2 (Columbia River 
basalt), BHV0-2 (Hawaiian Volcanic Observatory basalt), GSP-1 (Silver 
Plume, Colorado, granodiorite), and SDC-1 (mica schist, Washington D.C.) 
are presented in Table 2.2. 
Although there is general consistency between the values obtained by 
LA-ICPMS and USGS values (i.e. no systematic enrichment or depletion of 
a given standard's suite of elements), a number of elements exhibited> 10% 
differences from the USGS preferred values. In general, the lighter rare 
earth elements exhibit greater deviations from accepted values, a trend that 
has been noted by others (Yu et al., 2002). Five fused disks with variable 
dilutions (USGS standard SDC-1 with flux:sample ratios of 3:1, 5:1, 10:1, 
15:1, 20:1, and 25:1) constrain the contribution of blank from the flux and 
Table 2.2: Laser ablation ICPMS data for USGS reference materials and calibration values for NIST 612 glass. Oxides in 
wt. %, all other data in ppm (NIST 612 all concentrations in ppm). CaO used for normalisation; preferred values (PV) from 































BCR-2 BHV0-2 GSP-2 MAG-1 SDC-1 
avg PV %diff avg PV . __ ')Vdiff __ !lvg __l'_V _ %d]ff _ _ _ll'lg __ _IT___ %diff _ . .!l'fll. PV %diff 
7.13 IS 11.40 IS 2.11 IS 1.40 IS 1.44 IS 
55.70 54.10 2.9 51.55 49.90 3.2 64.60 66.60 -3.1 47.95 50.40 -5.1 63.08 65.80 -4.3 
2.47 2.26 8.5 3.01 2.73 9.3 0.66 0.66 0.1 0.69 0.75 -8.6 0.97 1.01 -3.7 
37.8 33.0 12.7 36.1 32.0 11.2 8.0 6.3 21.3 18.2 17.0 6.3 16.8 17.0 -1.5 
36.0 18.0 49.9 301 280 6.8 37.8 20.0 47.0 107 97 9.3 74.2 64.0 13.8 
32.2 37.0 -14.9 39.0 45.0 -15.5 12.4 7.0 43.3 18.7 20.0 -7.0 14.2 18.0 -26.8 
17.4 NA 114 NA 21.3 17.0 20.2 48.5 53.0 -9.3 34.4 38.0 -10.5 
17.2 23.0 -34.1 16.7 21.7 -29.9 23.0 22.0 4.3 16.8 17.0 -1.2 16.5 21.0 -27.3 
35.7 48.0 -34.6 7.0 9.8 -39.2 176 245 -39.6 104 150 -44.2 87.5 127 -45.1 
315 346 -10.0 371 389 -4.9 206 240 -16.8 119 150 -26.6 150 180 -20.4 
37.0 37.0 -0.1 26.8 26.0 2.8 26.2 28.0 -6.9 25.7 28.0 -9.2 37.1 NA 
214 188 12.1 196 172 12.0 639 550 13.9 134 130 3.0 344 290 15.7 
12.6 NA 18.7 18.0 3.5 26.1 27.0 -3.4 14.9 12.0 19.2 18.6 21.0 -13.1 
614 683 -11.2 120 130 -8.3 1290 1340 -3.9 411 480 -16.9 539 630 -16.9 
25.9 25.0 3.3 15.8 15.0 4.8 180.0 180 0.0 39.6 43.0 -8.7 39.1 42.0 -7.3 
48.4 53.0 -9.6 34.8 38.0 -9.4 389 410 -5.5 74.1 88.0 -18.8 76.7 93.0 -21.3 
6.52 6.80 -4.4 5.16 NA 50.80 NA 9.02 NA 9.51 NA 
29.2 28.0 4.1 25.1 25.0 0.2 200 200.0 -0.3 35.7 38.0 -6.6 38.8 40.0 -3.2 
6.80 6.7 1.5 6.6 6.2 5.3 26.00 27.0 -3.8 7.06 7.50 -6.3 7.89 8.2 -4.0 
1.97 2.00 -1.5 2.16 NA 2.21 2.30 -4.3 1.38 1.60 -16.4 1.51 1.7 -13.0 
7.42 6.80 8.3 6.92 6.30 9.0 12.90 12.0 7.0 6.25 5.80 7.1 7.21 7.0 2.9 
7.05 NA 5.89 NA 6.16 6.10 1.0 5.30 5.20 1.9 6.87 6.7 2.5 
1.45 1.33 8.0 1.11 1.04 5.9 1.03 1.00 2.9 1.03 1.00 2.9 1.45 1.5 -3.6 
4.12 NA 2.82 NA 2.55 2.20 13.7 2.88 3.00 -4.3 4.49 4.1 8.7 
3.80 3.50 7.8 2.25 2.00 11.1 1.76 1.60 8.8 2.75 2.60 5.5 4.50 4.0 11.1 
0.57 0.51 11.1 0.32 0.28 11.8 0.26 0.23 11.4 0.41 0.40 3.3 0.70 NA 
5.34 4.80 10.1 4.85 4.10 15.4 15.4 14.0 9.1 3.63 3.70 -1.9 8.59 8.3 3.3 
0.85 NA 1.28 1.40 -9.8 0.92 NA 1.20 1.10 8.3 1.31 1.2 8.6 
6.54 6.20 5.1 1.34 1.20 10.1 113 105 7.1 12.2 12.0 1.2 12.0 12.0 -0.2 



































































Figure 2.1: Ca-normalised data for USGS standard SDC-1 (mica schist). 
Elemental concentrations are normalised relative to the 3:1 dilution. 
crucible during fusion (Fig. 2.1). Most noticeable is the clear contribution 
of Cr by the lithium borate flux. Also apparent is the progressive drop in 
concentration of almost all other elements with increasing flux:sample ratios. 
Because all raw data were normalised to CaO during LA-ICPMS data 
reduction, the observed dilution trends are most likely the result of the 
addition of a flux component of 43 Ca (which has an isotopic abundance of 
0.135%) or isobaric equivalent (causing interference with 43Ca peak intensity 
measurement during LA-ICPMS analysis). Comparison of Ca-normalised 
data with Ti-normalised data supports this hypothesis, since the latter con-
centrations do not display a dilution trend with increasing flux:sample ratios 
(Fig. 2.2). Cr contamination is still evident inTi-normalised data, but the 
progressive 'dilution' trend that is present inCa-normalised data is absent. 
Slightly enriched elemental concentrations display no trend with increasing 
dilution and are unlikely the result of flux and fusion blank contributions. 
The most likely culprit for the interference on 43Ca is the polyatomic species 
7Li-36 Ar where the Li is contributed from the flux, and Ar is from the plasma 
gas. Lithium has two common isotopes, 6Li and 7Li, with respective abun-
dances of 7.5% and 92.5%; this difference suggests that the main interference 
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Figure 2.2: Ti-normalised data for USGS standard SDC-1 (mica schist). 
influence the relationship between CaOxRF and 42Cawp, particularly at 
low CaO concentrations (see below). 
The amount of 43Ca isobaric contaminant present in the flux may be 
calculated based on the trend observed in the set of SDC-1 dilutions. The 
concentration (C), of a given element (i) in a sample (spl) is dependent 
upon the ratio of the measured intensity (I) of the element in the sample to 
the measured intensity of Ca in the sample, as given by the equation: 
(2.1) 
where the constant (K) is derived from the correlation of a measured 
intensity (J) to the absolute concentration in a standard (in this case, NIST 
612). According to equation 2.1, systematically lower C?1 values with in-
creasing flux dilution may result from increased measured intensities of Ca 
in the sample (16~). The addition of Ca or other isobaric interference species 
may then be represented by the equation: 
1spl = xspl 1true + (l _ xspl)Iint Ca Ca Ca (2.2) 
where the measured intensity of the Ca peak (16~) results from the 
combination of two Ca intensities, one from the sample (Xspl rg;:e) and one 
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from the interference ((1-X8P1)IfJD where xspl and 1-Xspl represent the 
relative proportions of Ca introduced by sample and flux, respectively. The 
measured concentrations of a given element in two separate flux dilutions 
( C{ and Cl) of the same sample may then be expressed by the equation: 
[K(ffjXlJtrue + (1 _ Xl)Jint] C~/C2 = ~ Ca Ca 
~ ~ [K(If)jX2Jg-~e+(1-X2)IfgJ] 
(2.3) 
Equation 2.3 may be simplified by canceling the constant (K) and mul-
tiplying by (XI/X2), which results in: 
1 2 _ {Ig-~e + [(1- X2)/X2]Ib~} 
Ci /Ci - {PJ~e + [(1- Xl)jXl]If]J} (2.4) 
This equation may be rearranged to reflect the ratio of the measured 
intensity of Ca from the flux component (Ib~) to that of the sample com-
ponent (Ig~e): 
Iint / 1true { C'f - Cf) (2 5) 
Ca Ca = {C{[(1-Xl)jXl]}-{C'f[(1-X2)jX2]} . 
Applying this relationship for measured concentrations of the same el-
ement from combinations of differing dilution samples and solving for If]J 
allows the concentration of the flux Ca 'contaminant' to be calculated by 
multiplying IpJ by the constant (K). In the case of the set of flux dilutions 
from standard SDC-1, the observed relationship between increasing flux di-
lution and decreasing sample element concentrations can be the result of a 
contribution of rv70 ppm Ca blank, an isobaric equivalent (likely 7Li36 Ar) 
derived from the flux, or a combination of both. 
As indicated by the previous calculations, the generation of high-quality 
data by LA-ICPMS on fused glass disks requires extreme care with sample 
fusion and data reduction. In practice, any XRF major element may be 
used for normalisation, but each comes with its own potential problems. In 
particular for this study, the use of 43Ca is limited by 7Li-36 Ar production 
and low Ca concentrations in many samples; Si02 by the unusually high 
background count rates on 29 Si at the time, as well as potential isobaric 
interference from 15N14N; Ti02 by the particular case of high count rates 
in the transition range between ICPMS detector pulse and analog modes 
('"'"' 1-3 x 106 cps on 49Ti) under the laser operating parameters discussed 
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Figure 2.3: Percent difference between XRF CaO and LA-ICPMS 43 Ca con-
centrations vs. XRF CaO (wt. %). 
in analog, and has relatively low mass (which can result in possible mass-
sensitivity problems when calibrating elements of higher mass). Yu et al. 
(2002) have demonstrated that an isobaric interference on 27 Al from 11 B160 
during Li-borate glass ablation is not a problem under operating conditions 
nearly identical to this study. 
Duplicate analyses of USGS standard SDC-1 (mica schist) suggest that 
27 Al is the best choice for normalisation in this study. Relatively high %RSD 
values and larger differences between measured and preferred values indicate 
that 43 Ca was more susceptible to changing ICPMS operating conditions 
(changing sensitivity, oxide production rates) during analysis (Table 2.3). 
In addition, under the operating conditions used to obtain high trace el-
ement signals for this study, 43 Ca (cps) data for NIST 612 fall within the 
range of transition from pulse to analog detector modes; since this affects the 
calibration of all other data, it is likely the factor responsible for relatively 
high % RSD values for SDC-1 duplicate runs that use 43 Ca for normalisa-
tion. 43Ca is also limited by low concentrations ( < 1 wt.% CaO) in some 
river sediments. For example, a sample containing 0.5 wt. % CaO results 
in a fused glass containing 1000 ppm CaO (0.1 wt.%; 5x flux dilution) and 
2.4 15 
since 43 Ca is a ""0.1% abundance isotope, the concentration of 43Ca is only 
1 ppm in the glass. Depending on count rates during a given analysis, this 
concentration may be only a few hundred counts per second (cps) over back-
ground. This makes the normalising element extremely susceptible to subtle 
variations in background caused by plasma loading during ablation. This 
effect is illustrated by comparing differences between XRF determined CaO 
and LA-ICPMS determined 42Ca values (Fig. 2.3). Below 1 wt.% CaO, the 
discrepancy between the values grows exponentially. This finding suggests 
that the influence of background 43Ca (or isobaric equivalent) in the LA-
ICPMS system does not behave in a linear fashion. Instead, the effects of 
background contributions and isobaric constituents may behave exponen-
tially with decreasing concentration of the normalising element. 
In contrast 27 Al normalisation of SDC-1 data result in %RSD values 
lower than the 5-25% reported in most literature (0degard and Hamester, 
1997; Yu et al., 2002). Differences between measured and preferred values 
are < 10% for most elements. LREE exhibit greater discrepancies than 
HREE, which suggests that the low mass of 27 Al relative to HREE does not 
result in increased uncertainty from changing mass sensitivity. 
16 Methods 
Table 2.3: Laser ablation ICP-MS data for USGS schist reference materi-
als normalised using 27 Al and 43 Ca. PV = Preferred value, IS = internal 
standard. % diff = [(avg- PV)javg] x 100. 
1o 1a SDC-1 
average % diff n==5 %RSD average % diff n=:5 % RSD PV 
27Al 15.8 IS IS IS 17.3 8.4 1.33 7.7 15.8 
43Ca 1.32 -6.1 0.1 7.5 1.43 IS IS IS 1.40 
Sc 17.7 3.9 0.5 3.1 19.3 12 1.70 8.8 17 
Ti 5576 -8.6 53 1.0 6069 0.3 498 8.2 6053 
Ga 20.6 -2.2 0.38 1.8 22.4 6.0 1.49 6.7 21 
Rb 102 -25 1.75 1.7 111 -14 9.47 8.5 127 
Sr 163 -10 2.27 1.4 177 -1.6 14.9 8.4 180 
y 37.6 1.13 3.0 40.9 3.95 9.7 NA 
Zr 334 13 8.45 2.5 363 20 34.1 9.4 290 
Nb 18.6 -13 0.29 1.6 20.2 -3.8 1.42 7.0 21 
Mo 0.67 0.03 4.6 0.73 0.04 6.1 NA 
Cs 2.99 -34 0.01 0.4 3.25 -23 0.26 7.9 4 
Ba 569 -11 4.2 0.7 619 -1.8 46.1 7.4 630 
La 39.8 -5.6 0.31 0.8 43.3 3.0 3.43 7.9 42 
Ce 81.0 -15 0.81 1.0 88.2 -5.5 6.91 7.8 93 
Pr 9.50 0.05 0.5 10.3 0.77 7.4 NA 
Nd 39.0 -2.7 0.4 1.0 42.4 5.6 3.41 8.1 40 
Sm 7.82 -4.9 0.12 1.5 8.50 3.6 0.56 6.6 8.2 
Eu 1.55 -9.7 0.01 0.5 1.69 -0.8 0.14 8.0 1.7 
Gd 7.20 2.8 0.12 1.7 7.84 11 0.67 8.5 7 
Dy 6.63 -1.1 0.21 3.2 7.22 7.2 0.67 9.3 6.7 
Ho 1.44 -4.1 0.02 1.5 1.57 4.3 0.13 8.4 1.5 
Er 4.09 -0.3 0.06 1.5 4.45 7.8 0.39 8.7 4.1 
Yb 4.21 5.1 0.20 4.8 4.59 13 0.54 11.7 4 
Lu 0.66 0.02 2.7 0.72 O.Q7 9.3 NA 
Hf 8.46 1.9 0.25 2.9 9.22 9.9 0.88 9.5 8.3 
Ta 1.29 7.0 0.02 1.8 1.40 15 0.11 7.9 1.2 
Th 12.32 2.6 0.34 2.8 13.40 10 1.30 9.7 12 
u 2.57 -20.9 0.03 1.3 2.79 -11 0.25 9.0 3.1 
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2.5 Conclusions 
The development of this analytical methodology has resulted in four main 
points: 
~ Extreme caution must be used in reducing LA-ICPMS data. In par-
ticular, potential effects of isobaric interferences and changing mass-
sensitivity on the normalising element should be assessed. Multi-
element normalisation provides 'internal' QC because trace element 
concentrations from different normalisation procedures should agree. 
• The 1:5 sample:flux ratio used for the preparation of samples in this 
study may represent a dilution 'limit' for future studies of rocks of 
similar major-element composition, particularly if 43Ca is desired for 
normalisation. Depending on the elemental analyses required and the 
preparation facilities available, more concentrated fused glasses could 
be created to raise cps values and maximise signal to background ra-
tios. Alternatively, the excimer laser beam size can be increased to 
produce a similar effect. 
• The further development of an alternative laser ablation method that 
minimises the production of boron oxides and lithium argides is prob-
ably not necessary provided that oxide production rates are monitored 
and minimised. However, the production of lithium argides is a source 
of uncertainty for 43 Ca-42Ca normalised data, and its effects should 
receive more attention in future studies. 
• Further constraint and/or monitoring of the possible isobaric interfer-
ences on normalising elements 27 Al, 29Si, 43Ca, and 49Ti are needed 
to maximise trace element data quality from LA-ICPMS analysis of 




products of chemical and physical weathering can be generated and 
transported to the ocean in three main ways: (1) reaction of continental 
rocks and soils with surface and groundwaters, a process that culminates 
with the movement of these waters and their dissolved constituents to the 
ocean; (2) small particles of either primary or secondary minerals and their 
associated coatings, or organic particulates of similar size, which are en-
trained in river water continuously as suspended load; and (3) larger parti-
cles of primary and secondary minerals and lithic fragments that move down 
the riverbed with irregular motion controlled primarily by local river flow 
conditions. 
The distinction between (2) and (3) is usually arbitrarily determined 
during sampling (e.g. suspended sediment vs. bedload sediment) but the 
hydrological parameters that influence the boundary between suspended 
load and bedload are time-dependent. Although the physical properties 
of the particles themselves (grain size, grain density) form a first-order con-
trol on the differentiation of suspended and bedload, the movement of flu-
vial particulates is also highly influenced by the velocity and turbulence of 
the transporting flow and the river channel geometry (Vanoni, 1977). This 
study is concerned with the magnitude and character of geochemical vari-
ation present in the bedload of the Haast and Clutha rivers. The patterns 
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of elemental transport within the bedload of the Haast and Clutha rivers 
are framed in the light of two questions: (1) How is chemical weathering 
expressed in Haast and Clutha bedload sediments? (2) What are the main 
controls on the geochemistry of sand and silt-size fractions of bedload from 
high sediment yield regions? By way of introduction, the importance of each 
of these questions is discussed briefly below. 
3.1 Weathering Signatures 
If the relative effects of hydraulic sorting and parent lithology on the bed-
load sediments of the Haast and Clutha rivers can be constrained, com-
parison of the remaining weathering signatures may provide insight to the 
relative importance of chemical and physical weathering rates in tectoni-
cally active regions. The suggestion that tectonic uplift results in elevated 
silicate weathering rates was originally based on interpretation of the so-
lute chemistry of rivers draining the Himalaya (e.g. Raymo and Ruddiman, 
1992), and subsequent studies from other large river basins have supported 
this hypothesis (Edmond and Huh, 1997; Gaillardet et al., 1999). However, 
there is a growing body of evidence suggesting that Himalayan river solutes 
are dominated by the products of carbonate weathering (Blum et al., 1998; 
Galy and France-Lanord, 1999; Jacobson et al., 2003; Quade et al., 1997). 
If this is the case, then there may be problems with the interpretation of 
marine 87Sr/86Sr records as proxies for tectonically-driven changes in silicate 
weathering rates, and therefore atmospheric C02 consumption. 
Recent work by Jacobson et al. (2003) on the Southern Alps of New 
Zealand suggests that carbonate-derived constituents dominate the river so-
lute and Sr isotope systematics of South Island rivers. Although this finding 
does not refute recent studies that find a strong correlation between phys-
ical and chemical weathering rates (e.g. Gaillardet et al., 1999), it does 
suggest that the chemical weathering rates of carbonates and silicates re-
spond differently to elevated rates of mechanical denudation. River waters 
on both sides of the Southern Alps display Ca/Sr ratios more characteristic 
of carbonate weathering than of silicate weathering (Fig. 3.1). On average, 
however, east-draining river waters have slightly lower 87Srj86Sr and Ca/Sr 
and ratios, which suggests a greater contribution from the dissolution of sil-
icates. This relationship led Jacobson et al. (2003) to conclude that rivers 
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Figure 3.1: 87Srj86Sr vs. molar Ca/Sr for river waters, acetic acid (AA) 
extracts, and bulk silicate fractions of river bedload from high mountain 
streams on both sides of the Southern Alps (Jacobson et al., 2003). Averages 
( arithmatic means) of the plotted points are represented by light grey (west) 
and dark grey (east) symbols that correspond to data points of the same 
shape. 
ited, whereas east-draining rivers are transport limited. Weathering limited 
watersheds are characterised by rapid discharge, steep gradients, and small 
floodplains; these factors, which often result from rapid uplift, combine to 
minimise water-rock interaction time and result in the reduction of chemical 
weathering intensity recorded in residual weathering products. Under such 
efficient mechanical weathering and transport conditions, chemical weath-
ering is limited to relatively fast-weathering carbonate minerals (which are 
continuously supplied by exhumation). In contrast, silicates are continu-
ously removed from the system before significant alteration or dissolution 
can take place. Transport limited rivers are characterised by lower erosion 
and uplift rates, larger floodplains, and longer sediment residence times that 
both limit the exhumation of fresh carbonates and enhance the duration of 
water-rock interactions that are necessary for silicate weathering. 
The conclusions of Jacobson et al. (2003) are based on the analysis of 
river dissolved constituents and select carbonate and silicate fractions of 
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bedload sediment, but the full chemical signature of residual weathering 
products transported by east and west draining rivers has not been stud-
ied. River sands and silts should reflect the duration of chemical weathering 
to which they have been subjected during transformation from unweathered 
rock into sediment. This process may include time spent in both soil profiles 
and floodplain deposits; the duration that a given sediment remains in the 
fluvial system is based primarily on the efficiency of river erosion and trans-
port. Because of the complexities and heterogeneity associated with river 
bedload, this fraction of the residual weathering product has been little stud-
ied (Alban§de and Semhi, 1995). However, comparison of the bedload of the 
two rivers should provide a method of assessing the relative importance of 
physical and chemical weathering on each side of the Southern Alps. 
3.1.2 Compositional Variations 
There are numerous studies that indicate the importance of grain size on 
both mineralogy (Basu, 1976; Blatt, 1967; Johnsson, 1990; Nesbitt et al., 
1996) and geochemistry (Cox and Lowe, 1996; Horowitz, 1991; Horowitz and 
Elrick, 1987; Roser and Korsch, 1986; Zhang et al., 2002). The compositional 
variation of modern river sediments varies with grain size as a result of four 
factors (e.g. Whitmore et al., 2004): (1) the mixing of sediments derived 
from sources with texturally and mineralogically distinct grain sizes; (2) 
mechanical weathering of lithic fragments or minerals into finer components, 
(3) chemical weathering, and (4) the hydrologic sorting of compositionally 
distinct grains during transport. 
These processes tend to alter the composition of fluvial sediments from 
source rocks and combine with diagenetic alteration to hinder provenance 
and tectonic setting interpretations of sediments and sedimentary rocks (e.g. 
Fralick and Kronberg, 1997). The particular importance of hydraulic sorting 
and grain size effects in concealing sedimentary provenance are well docu-
mented (Argast and Donnelly, 1987; Bauluz et al., 2000; Nesbitt and Young, 
1996). In this study, the major and trace elemental compositions offour size 
fractions (2-1 mm, 1 mm-355 p.m, 355-63 p.m, and < 63 p.m) are used to 
assess the relative importance of hydraulic sorting on the downstream vari-
ability of Haast and Clutha bedload sediments. In addition, this assessment 
of bedload sediments from the Clutha river provides necessary description 
of the geochemical variability of one of the main sources of sediment to the 
Bounty Fan, which is discussed in Chapter 5. 
3.2 Geological Setting 
The Haast and Clutha rivers drain opposing sides of the Southern Alps, 
actively rising mountains that are the expression of the the active plate 
boundary between the Australian and Pacific Plates. The central axis of 
the Southern Alps is bounded on the west by the Alpine Fault, an eastward-
dipping dextral oblique-slip fault located on the western edge of the South 
Island. The geometry of the plate collision gives rise to the drastically 
different watershed morphology of the Haast and Clutha rivers. 
The Haast and Clutha are prime examples of the transport-limited and 
weathering-limited river systems invoked by Jacobson et al. (2003) to explain 
dissolved element and isotopic data from New Zealand river waters. The 
westerly draining Haast river (Fig. 3.2, 3.3) and its tributaries drop from 
the central axis of the Southern Alps (2000+ m elevation) to the Tasman Sea 
in rv60 km, making the river one of the steepest and shortest on the South 
Island. In contrast, the headwaters of the Clutha, which lie just to the east of 
the drainage divide, are connected to the Pacific Ocean by rv300 km of river 
reach. Several large lakes (including glacial Lake Wanaka and manmade 
reservoirs Dunstan and Roxburgh) interrupt sediment transport down the 
river, resulting in fluvial bedload residence times that are among the longest 
on the South Island. In addition, mean annual rainfall totals are drastically 
different between the two rivers, with the Haast receiving upwards of 12 m 
of rain per year, while the headwaters of the Clutha are subject to> 9 m/yr 
and lower Clutha tributaries traverse several hundred kilometers of terrain 
recieving only 0.5-3 mjyr before discharging to the ocean (NIWA, 2004). 
The Haast and Clutha catchments are characterised by relatively ho-
mogenous metamorphic lithologies. The greenshist-amphibolite facies Haast 
Schist outcrops across both catchments; chlorite zones II-IV are based 
mainly on textural criteria and underlie most of the Clutha watershed 
(Fig. 3.2). The headwaters of the Haast are also underlain by chlorite zone 
schist, while lower reaches of the river cross biotite and garnet-oligoclase 
zone schists. To the north and east Haast Schist grades into prehnite-
pumpellyite facies quartzofeldspathic metasediments of the Torlesse terrane, 
and in the south and west, the schist grades into volcanogenic Caples ter-
rane sediments (Fig. 3.2). Chlorite-zone schists are dominated by quartz 
(Si02), albite (NaSiAhOs), and muscovite (KAb(AlSb0w)(OH)2) with 
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Figure 3.2: Simplified geological map of the Haast and Clutha catchments 
with bedload sample locations noted. Adapted from Forsyth and Mortimer 
(2004). 
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Figure 3.3: Long section profiles for the Haast and Clutha rivers. This figure 
includes only the mainstem of each river; mountain tributaries are sourced 
from higher elevations (2000+ m). 
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Table 3.1: Sample location descriptions corresponding to Figure 3.2. Sam-
ples were collected at major road bridges or angler access locations labelled 
by name on LINZ 1:25,000 topographic maps. 
Haast River 
HA 1 Cutter Creek 
HA2 Burke Flat 
HA 3 Clark's Bluff 
HA4 Douglas Bluff 
HA 5 Orman Creek 
HA 6 Big Bluff 
HA 7 Rt. 6 Bridge 
Clutha River 
CA 1 Davis Flat 
CA 2 Makarora 
CA 3 Albert Town 
CA4 Luggate Crossing 
CA 5 Clyde Dam 
CA6 Alexandra 
CA 7 Pinder's Pond 
CA 8 Miller's Flat Bridge 
CA 9 Beaumont Bridge 
CA 10 Tom's Picnic Area 
CA 11 Clydevale Bridge 
CA 12 Balclutha Brid~e 
subordinate chlorite ((Mg, Fe)3(Si, Al)4010(0H)2·(Mg, Fe)3(0H)5), epidote 
(Ca2(Al, Fe)SbO(Si04Sb07(0H)), apatite (Ca5(P04)3(F, Cl, OH)), and 
titanite (CaTiO(Si04)) (Mortimer and Roser, 1992), while higher metamor-
phic grade schists are characterised by the appearance of biotite (K(Mg, 
Fe)3(AlSi3010(0H)2) (biotite zone) and ilmenite (FeTi03), tourmaline, and 
garnet in the garnet-oligoclase zone (Roser and Cooper, 1990). 
Both the Caples and Torlesse terranes form the parent rock for the Haast 
Schist, but deformation and metamorphism has obliterated the mineralogi-
cal and textural differences between the terranes in hand specimen or thin 
section. Despite these strong overprints, whole rock geochemical compo-
sitions from chlorite zone (Mortimer and Roser, 1992) to garnet-oligoclase 
zone (Roser and Cooper, 1990) schists have been demonstrated to be es-
sentially isochemical to Torlesse and Caples terrane parent rock. A third 
unit, the Aspiring lithologic association, was suggested by Craw (1984) to 
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occupy a position between the Caples and Torlesse terranes, but this is 
geochemically similar to Torlesse terrane rocks (Mortimer and Roser, 1992) 
and is not considered in any further detail here. 
From a geochemical perspective, the terrane affiliation of a given schist 
sample is likely to influence composition more than metamorphic grade. 
The Haast river catchment and the upper reaches of the Clutha (samples 
CA 1-4) are underlain by Torlesse terrane equivalents; the lower reaches of 
the Clutha (CA 5-12) are underlain by Caples terrane and metamorphic 
equivalents. The Cardrona and Manuherikia tributaries of the Clutha also 
drain areas of Miocene non-marine quartz gravel, sands, silts, and lignitite 
(e.g. Douglas, 1986; Forsyth and Mortimer, 2004). Downstream sedimentary 
transport is highly limited along the lower reaches of the Clutha because 
of modern reservoir impoundment. These interruptions in river continuity 
result in the increased dominance of locally-derived sediment in determining 
bedload geochemistry. 
3.3 Results 
Tables of raw data for Haast and Clutha bedload grain size fractions can be 
found in Appendix B. The main results are summarised in terms of major 
and trace elements below. 
3.3.1 Major Elements 
Bulk chemical variations for major elements from the Haast and Clutha 
rivers are presented in Figure 3.4 along with average compositions of source 
rocks and estimates for the upper continental crust. Negative correlation 
Al203 and Si02 is due to the variable mixing of quartz and aluminosili-
cate minerals. Most of the other elements show positive correlations with 
Al203. Chemical composition is closely dependent on grain size, with Ab03 
increasing towards finer sediments and Si02 toward the sands. Excluding 
Na20, the linear relationships between major elements and Al203 are well 
developed in the three sand-size fractions from both the Haast and Clutha 
rivers. Na20 displays greater scatter in all size fractions, while CaO, MnO, 
and P205 are more dispersed in the silt size fractions. There is significant 
overlap between Haast and Clutha sediments and each grain size fraction, 
but Clutha river sediments show a greater range of elemental concentrations 
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from Si02-rich sands to Al20 3-rich silts. The overlap of major element grain 
size compositions reflects the imposition of sieving grain-size boundaries on a 
continuum of grain sizes in river sediments, as well as the high abundance of 
fine-grained lithic fragments in all sand-size fractions. The apparent deple-
tion of major elements (excluding Si02) in some Clutha 1-355mm fraction 
sands relative to the 2-1 mm fraction is at least partially the result of a lack 
of recovery of 2-1 mm sample from lower Clutha locations. Elevated concen-
trations of CaO and P 20 5 in silt size fractions from both rivers positively 
co-vary, suggesting that apatite controls fine-grained CaO concentrations 
rather than either detrital or autochthonous calcite. 
Downstream trends in major element chemistry are illustrated in Fig-
ure 3.5. The Haast river is characterised by minimal dispersion of elemental 
concentrations between size fractions along its length. Similar dispersion 
is found in the uppermost two samples from the headwaters of the Clutha 
river, but downstream locations are marked by greater differences between 
the silt fraction and all sand fractions. In particular, the apparent trends 
in major elemental concentrations from the Clutha are partially the result 
of differences between the highest two samples and the rest of the sample 
population. Downstream trends for samples between 70-350 km tend to 
be more moderate than the differences between headwater samples and the 
downstream population. As reflected in the variation diagrams (Fig. 3.4), 
increasing Si02 concentrations are balanced by decreasing concentrations of 
most other major elements. Sand fractions from both rivers display a grad-
ual increase in Si02 from headwaters to the ocean, reflecting higher quartz 
concentrations in downstream locations. This trend has been observed by 
others (Alban§de and Semhi, 1995) and agrees with downstream increases 
in the quartz fraction of river bedloads in South Carolina, U.S.A. (Cleary 
and Conolly, 1971), and Amazon sands (Franzinelli and Potter, 1982). 
3.3.2 Earth Elements 
REE concentrations are normalised to DCC values and presented by sam-
ple location and grain size in Figure 3.6. REE data are unavailable for the 
Haast Schist or Torlesse and Caples terranes. The four grain size fractions 
have similar UCC-normalised REE patterns, with parallel to subparallel 
trends and overlapping elemental abundances. Little difference between 
UCC-normalised light rare earth (LREE) and heavy rare earth (HREE) 
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mainstreams, along with average compositions for source rocks (Christian-
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abundance is observed. Middle rare earth element (MREE) enrichment is 
also uniform with consistent positive Eu anomalies with (Eu/Eu*)N ratios 
ranging from 1.0 (fiat) to 1.2. In almost all cases, REE concentrations in-
crease with decreasing grain size for a given sample. All grain size fractions 
display initial depletions in REE concentrations with downstream location, 
but middle and lower reach samples are characterised by overlapping REE 
abundances. MREE enrichments also tend to diminish in downstream lo-
cations. A significant feature of the patterns in the gradual enrichment in 
REE with decreasing grain size in the sediments of the Haast river; this 
contrasts with slight increases with decreasing grain size in Clutha sands 
and the sudden jump to higher concentrations in the silt fraction. Both the 
overall shape of UCC-normalised patterns and REE abundance appear to 
be controlled by both grain size and sample location. 
3.4 Discussion 
The hydrological differentiation processes that operate on river sediments 
combine with parent rock composition and chemical weathering to generate 
a range of compositions that are divided into indices of maturity based on 
either petrologic or geochemical considerations (Pettijohn et al., 1972). Ba-
sically, as sediments reside within the sedimentary system, they are likely to 
become more quartz rich at the expense of mafic minerals, lithic fragments, 
and feldspar. The most commonly used geochemical parameters of sediment 
maturity are: (1) the Si02/ Ab03 ratio (Potter, 1978), which reflects the 
abundances of quartz on one hand and clay/feldspar on the other; (2) the 
Na20/K20 ratio (Pettijohn et al., 1972), a measure of chemical maturity 
based on differential feldspar weathering rates; and (3) the Fe203/K20 ratio 
(Herron, 1988), which is also based on differential mineral stability. 
Haast and Clutha river sediments are plotted on the diagrams of Petti-
john et al. (1972) and Herron (1988) in Figure 3.7. According to Pettijohn 
et al. (1972), silt fractions from both rivers are classified as greywacke, while 
sand size fractions overlap and straddle the greywacke/litharenite bound-
ary. The scheme of Herron (1988) classifies silt fractions as a combination of 
wacke and shale, while the Haast and Clutha sands are differentiated, with 
the former plotting mostly in the litharenitejwacke fields and the latter as 
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coarser fractions. It is clear from these diagrams that the sediments of both 
river systems are relatively immature and do not display a wide range of 
compositions with downstream transport. The slightly greater dispersion 
of Clutha river sands toward higher elemental ratios in these diagrams, as 
well as the downstream trends of Si02 and Na20 (Figure 3.5) suggests that 
sedimentary differentiation processes operating on one of the longest rivers 
in New Zealand result in increased abundances of both quartz and feldspar 
(dominated by albite in the Haast schist), rather than quartz at the expense 
of feldspar and/ or lithic fragments, which would result in trends toward the 
quartz arenite fields of both diagrams (Fig. 3.7a, b). 
Although the Fe203/K20 ratio (Fig. 3. 7b) discriminates between Haast 
and Clutha 2-1 mm sands more clearly than the Na20/K20 ratio (Fig 3.7a), 
this does not necessarily indicate greater compositional maturity of Clutha 
sand. It is more likely to be related to greater abundance of Fe-bearing min-
erals in Clutha parent rocks (Herron, 1988), in particular, chlorite, which 
is more abundant in chlorite zone schists of the Clutha catchment (Mor-
timer and Roser, 1992) than the garnet-oligoclase zone schists (Roser and 
Cooper, 1990) that underlie much of the Haast catchment (Fig. 3.2). De-
spite the downstream chemical variations observed in the Haast and Clutha 
river sediments, the diagrams of Pettijohn et al. (1972) and Herron (1988) 
suggest that these changes are limited relative to the range of sedimentary 
differentiation recorded in sedimentary rocks. 
The relationship between tectonic setting and geochemistry of sedimen-
tary rocks was first documented in New Zealand by Roser and Korsch (1986). 
The use of major element geochemical data allow fine-grained silt/mudstones 
to be used for tectonic setting interpretations much like the petrographic 
provenance/ tectonic setting studies of sandstones (Crook, 197 4; Dickinson 
and Suczek, 1979; Dickinson et al., 1983). Based on chemical analysis of 
sand- and silt-stones with well established paleotectonic histories, the model 
utilises K20, Na20 and Si02 content to discriminate island arc, active con-
tinental margin, and passive margin sediments. Since grain size influences 
chemical composition, sand-mud couplets from single sites were plotted by 
Roser and Korsch (1986). Modern river sediments analyzed on a grain size 
basis provide a similar dataset for analysis. Sediments from both the Haast 
and Clutha plot mostly within the active continental margin field, with some 
silt fractions from both rivers in the island arc field (Fig. 3.7c). 
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Comparisons of whole rock geochemistry of the Haast Schist to the 
greywackes and argillites of the Caples and Torlesse terranes (Mortimer 
and Roser, 1992; Roser and Cooper, 1990) to the north and south (Fig-
ure 3.2) suggests that the metamorphism of these sediments has been es-
sentially isochemical. Therefore, the Torlesse and Caples terranes have re-
tained their sedimentary chemical signatures despite prehnite-pumpellyite 
to garnet-oligoclase facies regional metamorphism. The Torlesse terrane sed-
imentary rocks were derived from an active continental arc, probably along 
the Gondwana margin (Frost and Coombs, 1989; Korsch and Wellman, 1988; 
MacKinnon, 1983). Caples terrane greywackes are more volcaniclastic and 
were likely derived from the mixing of active intraoceanic magmatic arc 
sediments with those from a continental source (Frost and Coombs, 1989; 
MacKinnon, 1983; Roser and Korsch, 1986; Roser et al., 1992). Comparison 
of modern river sediments and parent Haast Schist in Figure 3.7c suggests 
that successive cycles of erosion along continental margin tectonic environ-
ments results in a greater range of sediment compositions due mainly to 
increasing Si02 content in sand fractions, but that the original continental 
margin sedimentary 'signature' is preserved. The tectonic discrimination 
diagram is also useful for further illustrating both the higher abundance of 
both quartz and albite in Clutha sands, which tend to have higher Si02 
content and lower K20/Na20 ratios than Haast river sediments. 
3.4.1 Major Element Weathering Indices 
The degree of chemical weathering developed in weathering profiles and 
sediments is most often calculated using the chemical index of alteration 
(CIA: Nesbitt and Young, 1982): 
CIA= { Al203 } X 100 (3 1) (Al203 + N a20 + K20 +GaO*) . 
where elemental abundances are expressed as molar proportions and CaO* 
represents CaO associated with the silicate fraction of the sample. By defi-
nition, unweathered feldspar has a CIA of 50, whereas kaolinite and gibbsite 
have CIA values of 100. Hydrothermal activity associated with the uplift 
of the Southern Alps has resulted in extensive deposition of centimeter to 
decimeter scale quartz-calcite veins (Koons and Craw, 1991; Smith et al., 
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Figure 3.7: Bedload sediments from the Haast and Clutha Rivers plotted 
on geochemical classification diagrams of (a) Pettijohn et al. (1972) and (b) 
Herron (1988), and the tectonic discrimination diagram (c) of (Roser and 
Korsch, 1986). 
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otite zones of the Haast river catchment (Jacobson et al., 2003). As a result 
of both inheritance from parent rocks and regional metamorphism, South 
Island greywackes and all textural grades of the Haast Schist contain up to 
3% calcite (Jacobson et al., 2003). In contrast, bedload sediments from both 
sides of the Main Divide contain only rv0.15-0.36 wt. % (Jacobson et al., 
2003). Low calcite abundances in Southern Alps bedload sediments and the 
positive correlation (r2= 0.97) between CaO and P 20s concentrations in all 
grain size fractions of bedload sediments from the Haast and Clutha rivers 
suggests that apatite, rather than calcite, is the primary CaO-bearing phase 
in both Haast and Clutha sediments (Fig. 3.8). 
Therefore, for the following discussion of CIA values, CaO* was cal-
culated using the methods of McLennan (1993) and Bock et al. (1998). 
CaO contained in phosphate (apatite) was calculated stoichiometrically by 
attributing total P205 concentrations to apatite and then subtracting the 
proportion of apatite-bound CaO from total CaO. Further correction for cal-
cite CaO was not necessary because of the low CaO jN a2 0 ratios of bedload 
samples. This method of CaO* calculation is justified for this treatment of 
Southern Alps river sediments on the following arguments: (1} most non-
silicate CaO is sequestered in apatite, (2} higher grade schists of Haast river 
catchment, which have more prevalent quartz-calcite veining, are not char-
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and (3) the effect of 3% calcite in a typical sample results in results in a 
potential depletion of the calculated CIA by only rv2.5 units. 
Comparison of CaO and P205 concentrations in bedload sediments and 
source schists suggests that river sand-size river sediments are depleted in 
CaO relative to most source schists (Fig. 3.8). contrast, silt fractions 
display similar CaO concentrations and enriched P205 concentrations, indi-
cating a higher abundance of apatite in the fine fraction. Higher abundances 
of apatite in the silt fraction are also indicated by data as discussed 
below in sections 3.4.3 and 3.4.4. The absence of correlation (r2= 0.25) 
between P 205 and CaO in Haast Schist whole rocks suggests that other 
Ca-contributing phases are important contributors of CaO to unweathered 
whole rocks (Fig. 3.8). Plagioclase in the Haast Schist is dominated by 
albite and Ca-bearing mafic minerals are minor constituents of the Haast 
Schist (Mortimer and Roser, 1992; Roser and Cooper, 1990). In contrast, 
weathering reactions involving calcite appear to dominate the dissolved ionic 
budgets of Southern Alps stream waters Jacobson et al. (2003) and suggest 
that calcite dissolution in weathering profiles and soils likely accounts for the 
differing relationships between P205 and CaO in Haast Schist source rocks 
and Haast and Clutha bedload sediments. Thus, the preferential removal of 
calcite from source rocks on both sides of the Southern Alps appears to oc-
cur in weathering profiles and soils before sediments enter the river system, 
where apatite is the dominant control on CaO concentrations. Downstream 
trends of both P205 and CaO along the Haast and Clutha rivers covary but 
display no systematic trend, indicating that the relative proportions of cal-
cite and apatite in river bedload do not change substantially along the river 
course. The of soil solutions is typically 4-5 (Drever, 1988; Reuss and 
Johnson, 1985), as opposed to the near-neutral pH values of New Zealand 
river water ('""7; Jacobson et al., 2003). This, combined with the de-
pendance of calcite dissolution (e.g. Brown et al., 1993; Langmuir, 1997; 
Plummer et al., 1978), suggests that the bulk of calcite chemical weathering 
occurs in weathering profiles rather than river sediments. 
Feldspar weathering rates display similar pH dependance, with leach 
rates decreasing by an order of magnitude between pH 3.5 and 5.0 (Helge-
son et al., 1984). Therefore, to weather feldspar in a fluvial system to the 
same extent as that developed in a weathering profile requires the residence 
time of feldspar to be one to two orders of magnitude greater in the fluvial 
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system. Both leach rate data and residence time arguments indicate that the 
bulk of chemical weathering of feldspars occurs in weathering profiles rather 
than in river systems (Nesbitt et al., 1997). Comparisons of CIA values 
(apatite corrected) for grain size fractions of sediment from the Haast and 
Clutha rivers are presented in Figure 3.9. CIA values do not display system-
atic variability with grain size, but appear to decrease sightly with distance 
downstream and silt fractions tend to have slightly lower CIA values than 
coarser sands. The CIA values do not indicate a downstream weathering 
trend in the river sediments in either system; rather, the sediments would 
appear to become slightly less weathered, though the trend is weakly devel-
oped with all sediments displaying low CIA values. Since Si02 is excluded 
from CIA calculations, dilution by quartz is not a factor in these trends; like-
wise, grain size effects are minimised by the comparison of each size fraction. 
There are four remaining factors that may control the observed CIA values: 
(1) downstream input of more weakly weathered sediments to the bedload 
(2) downstream grain size fining, (3) changing source rock compositional 
variation, or (4) loss of mineral phases with higher CIA values. 
CIA values primarily reflect the weathering state of feldspars, which 
are the most abundant minerals in the upper continental crust (Taylor and 
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of Na20 (albite), CaO (anorthite), and K20 (K-feldspar), and Ab03 to 
continentally-derived sediments. As discussed above, the bulk of feldspar 
chemical weathering likely occurs in weathering profiles prior to entry into 
the fluvial system (Nesbitt et al., 1997). This consideration provides a strong 
argument against the downstream input of less weathered sediments to the 
Haast and Clutha fluvial systems because the residence time of sediments 
in weathering profiles is largely controlled by tectonics. Modern uplift rates 
west of the main divide (Haast river) are 8-10 mm/yr directly adjacent to 
the Alpine Fault (Simpson et al., 1994) and result in correspondingly high 
erosion rates (Hovius et al., 1997; Koons, 1990; Norris et al., 1990; Tippet 
and Kamp, 1993). In contrast, erosion rates to the east of the main divide 
decrease to< 1 mmjyr in the middle and lower reaches of the Clutha river 
system, where topography is structurally controlled by basin and range fault 
systems that accommodate oblique-reverse offset of the Alpine Fault to the 
west (Koons, 1994; Tippet and Kamp, 1993). The end result of the tectonic 
configuration of the South Island is to maximise erosion rates closer to the 
headwaters of the Haast and Clutha rivers. Thus, the trend of decreasing 
CIA values with downstream location in both the Haast and Clutha rivers 
is unlikely to reflect the input of locally derived weakly weathered sediment. 
Grain size considerations influence discussion of bulk sediment geochem-
istry in two ways: (1) modern sediment grain size distributions, and (2) 
relict parent material grain size distributions, particularly if modern sedi-
ments are derived from parent sediments with heterogeneous grain size dis-
. tributions. The effects of grain size on modern sediment mineralogy, and 
therefore bulk sediment composition are well documented (Horowitz and 
Elrick, 1987) but should be minimised my the comparison of grain size frac-
tions. As Figure 3.9 illustrates, different grain size fractions from a single 
sample display a range of CIA values. rivers, the grain size continuum is 
defined by hydrological processes rather than sieve mesh size, and the grain 
size distribution within each grain size split may exert an important control 
on bulk chemistry. Downstream fining of river sediment during transport 
may occur through chemical weathering, abrasion, or hydrological sorting 
and result in mineralogically and geochemically dissimilar grain size frac-
tions (Nesbitt et al., 1997). The combined effects of these processes are 
reflected qualitatively in Clutha river sediments: when sieved, many down-
stream samples lack 2-1 mm size fractions. Although the possible effect of 
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downstream fining in Haast and Clutha river sediments is recognised, little 
constraint on its magnitude can be made. The effect has been minimised-
minimised as much as possible by grain-size separations and is unlikely to 
be a primary control on CIA values. 
Haast and Clutha river sediments are plotted as molar proportions in 
Al203 CaO* + Na20 - K20 (A-CN-K) space (Nesbitt and Young, 1984; 
Nesbitt et al., 1997) along with potential parent rocks in Figure 3.10. The-
oretical weathering trends are indicated by arrows subparallel to the A-CN 
axes in Figure 3.10; trends in river sediment composition parallel source 
rock variations and do not display chemical weathering signatures. Average 
Caples terrane rocks (Mortimer and Roser, 1992) display CIA values from 
50 in psammitic samples to 56 in pelitic samples, while Torlesse terrane 
equivalents range from 56-63 in psammitic and pelitic samples. 
Torlesse affiliated rocks comprise the source material for the upper 
reaches of the Clutha; transition to the Caples terrane occurs between river 
samples CA 4 and CA 5, suggesting that the influence of Caples source rock 
should appear in samples CA 5-12 and that the downstream drop in CIA 
values found in Figure 3.9 result at least partially from the increased abun-
dance of Caples-derived sediments in these samples. This is consistent with 
the isolation of lower reaches of the Clutha from upstream sediment input 
by lakes Dunstan and Roxburgh. 
The relative contributions of locally-derived and river-transported sedi-
ment in a given sample of the Clutha are difficult to constrain. There is little 
doubt that glacial lake Wanaka effectively isolates the headwater streams of 
the Clutha from its lower reaches. However, the more recent impoundments 
of the lower Clutha hydro-power projects may have a less pronounced effect 
on sedimentary geochemistry because at least a portion of bedload sedi-
ment is derived from fluvial deposits emplaced prior to dam-building (i.e. 
Quaternary deposits like those below Lake Wanaka in Fig. 3.2). 
In contrast to Clutha bedload, the sediments of the Haast river are be-
lieved to be derived only from metamorphosed Torlesse terrane equivalents 
(chlorite, biotite, and garnet-oligoclase zones, Fig. 3.2). Both chlorite zone 
and garnet-oligoclase zone schists display similar CIA values (,..._,56; Fig. 3.9), 
which supports a single homogenous rock source. CIA values for each in-
dividual size fraction vary by no more than rv8 units, which is within the 
range of CIA values for source rocks. 
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Figure 3.10: Ab03-CaO* + Na20-K2 (A-CN-K) triangle (molar proportions). The relationship between A-CN-K space 
and the CIA scale (Nesbitt and Young, 1982) is shown on the left side of each triangle. Average source rock compositions from 
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= plagioclase, Ks = K-feldspar. 
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Both Torlesse and Caples terrane sediments (and schistose equivalents) 
plot in A-CN-K space on a mixing line between plagioclase (albite) and 
muscovite. The oblique angle between the predicted weathering trend of 
sediments (arrow, Fig. 3.10) and that of Haast Schist samples may either 
reflect geochemical variation with grain size (i.e. psammitic vs. pelitic schist) 
or the addition of K during metasomatic diagenesis of sediments (Fedo 
et al., 1995; Ohta, 2004). The pelitejpsammite pairs of Mortimer and Roser 
(1992) suggest that grain size variation in the whole rock sample popula-
tions reflects higher albite abundance in psammitic samples and greater mus-
covite/illite concentrations in pelites (Fig. 3.10). Metamorphic additions of 
K are unlikely to have occurred during regional metamorphism of the Haast 
Schist because typical unmetamorphosed Torlesse and Caples argillites and 
greywackes do not contain less K than schist equivalents (Mortimer and 
Roser, 1992). However, earlier diagenetic reactions in these sediments may 
contribute to the present segregation of illite-rich pelitic schist and plagio-
clase rich psammitic schist. Therefore the geochemical differences between 
pelitic and psammitic schists derived from Torlesse and Caples terrane sedi-
ments are recognised (Mortimer and Roser, 1992), but the large-scale distri-
bution of coarser and finer sediments within the terranes is unconstrained. 
Although CIA values and A-CN-K ternary diagrams are most often 
utilised to observe weathering trends in sediments, other triangular diagrams 
utilizing molecular proportions, such as Al20 3 CaO + Na20 + K20 
FeO(T) + MgO (A-CNK-FM; Nesbitt and Young, 1989) and Si02/10- CaO 
+ MgO- Na20 + K20 (S/10-CM-NK; Vital and Stattegger, 2000) can shed 
light on weathering associated with Fe-Mg bearing mineral assemblages and 
the effects of quartz dilution. The mineralogical changes associated with 
bedload transport in the Haast and Clutha rivers are documented using 
these ternary diagrams. 
Both Haast and Clutha river sediments grain size fractions display little 
dispersion in A-CNK-FM space (Fig. 3.11a) and plot among the scatter 
of Haast Schist samples. Silt fractions display no preferential enrichment 
towards the FM apex, which would indicate accumulation of mafic minerals 
in the fine fraction, as observed in sediments from Arctic Canada in the 
absence of chemical weathering (Nesbitt and Young, 1996). All samples 
plot dose to feldspathic compositions, reinforcing the albitic nature of all 
Haast and Clutha river sediments. The greater dispersion of Clutha grain 
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size fractions is the result of headwater stream samples CA 1 and 2 plotting 
slightly closer to the midpoint of the A-FM axis and lower reach Clutha 
samples plotting in a cluster closer to feldspar-rich compositions. Down-
stream trends in major element concentrations in Clutha bedload (Fig. 3.5) 
also reflect the compositional differences between samples from headwater 
streams and the lower reaches of the river. 
This compositional variability is more fully demonstrated in S/10-CM-
NK triangles (Fig. 3.11b). Haast river sands tend to define a subvertical 
pattern with only slight enrichment in Si02 over source rock in some coarser 
sand fractions. All size fractions samples from the uppermost Clutha (CA 1 
and 2) and< 63 J-Lm from all Clutha samples plot among source rock compo-
sitions, but the remaining sands from the lower reaches of the river are dis-
tinctly separated from source rock compositions. In essence, another source 
of Si02-rich sediments is required to explain the Clutha trend. The increased 
influx of Caples derived sediments can not explain the trend because sam-
ples CA 3-4 lie upstream of Caples terrane outcrop, and on average, Tor-
lesse sediments are more quartzose (Q24-4oF43-5oL17-26) than their Caples 
counterparts (Q7F25L57: MacKinnon, 1983). The Cardrona river (Fig. 3.2) 
drains small areas of quartz-rich Miocene sandstone, but these can not be 
responsible for Si02 enrichments in Clutha bedload because Cardrona river 
bedload itself displays no Si02 enrichment (Fig. 3.5). 
Therefore, the most likely source for these sediments is the floodplain of 
the Clutha itself. Below Lake Wanaka (Figs. 3.2, 3.3), the Clutha traverses 
thick unconsolidated Quaternary-to-recent floodplain deposits (Fig. 3.2). 
Deposits like these are rare in the Haast catchment because of the efficiency 
of sediment removal from steep slopes west of the Main Divide. Lower 
Clutha sediments are Si02-rich relative to source schists, and yet they dis-
play no trend toward greater compositional maturity on classic geochem-
ical classification diagrams (Fig. 3.7). This, combined with the apparent 
absence of silicate chemical weathering of bedload sediments from either 
side of the Southern Alps, indicates that the Si02 enrichment must result 
from increased abundances of both quartz and feldspar (albite in particular, 
as indicated by high Na20 concentrations along the length of the Clutha; 
Fig. 3.5). Therefore, Si02 enrichment must take place at the expense of other 
minerals. Clutha sediments plot on a mixing line between albite and mus-
covite (Fig. 3.10), and silt fractions are characterised by higher K20/Na20 
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ratios than fine sands. This suggests that the silt fraction contains a greater 
proportion of muscovite over albite. 
Since physical weathering dominates chemical weathering in the South-
ern Alps (as suggested by CIA values for Clutha sediments) and there is 
an apparent removal of muscovite from sand to silt fractions of Clutha bed-
load, the following weathering scenario is suggested: high physical weath-
ering rates result in the dominance of mechanical attrition as the primary 
mechanism altering Clutha river sediments. The sediments consist mainly 
of quartz, feldspar, and muscovite, both as individual grains and as part of 
lithic fragments. The physical properties of muscovite (low mass, soft, large 
surface area) make it more prone to physical weathering and more likely 
to be winnowed from bedload. Part of the muscovite weathered from sand 
fractions is sequestered in silt size bedload, while the rest is transported as 
part of river suspended load. 
Therefore, during mechanical attrition of sand size grains, muscovite is 
more likely to be removed from bedload sediments, leaving fine sands en-
riched in plagioclase. Quartz, which is harder than plagioclase and has no 
cleavage, is more resistant and remains in coarser sands as monomineralic 
grains. This weathering mechanism accounts for both CIA values and the 
relative immaturity of Clutha sediments on geochemical classification dia-
grams. In particular, the immaturity of Clutha sediments are the result of 
high concentrations of albite, which serves to keep Na20/K20 ratios high 
and Ab03/Si02 ratios low. Although the increased importance of Caples 
terrane derived sediments in the lower reaches of the Clutha reinforces the 
expression of this process in A-CN-K space, changing source rock chemistry 
alone can not account for the observed trends because samples above the 
Torlesse/ Caples boundary also exhibit the effects of physical weathering. 
This hypothesis is further supported by trace element data, in particular 
La-Th-Sc relationships. Sand fractions of bedload from the Clutha display 
increasing Sc/La ratios with downstream location, generating a trend to-
ward the Sc apex in La-Sc-Th space (Fig. 3.12). A portion of this trend 
results from the increased influx of Caples terrane sediments, but the Sc 
enrichment of bedload sediments is more fully developed than can be gen-
erated by the mixing of Torlesse and Caples compositional end members. 
This trend is not developed in the< 63 p,m size fraction, which is influenced 
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Figure 3.11: Ab03 - CaO + Na20 + K20 FeO(r) + MgO (A-CNK-
FM) and Si02/10-Ca0 + Mg0-Na20 + K20 (S/10-CM-NK) triangles for 
Haast and Clutha river sediments. Average source rock compositions from 
Mortimer and Roser (1992). Abbreviations: Ka = kaolinite, Gib =gibbsite, 
Fs = feldspar, Qtz = quartz, Cal = calcite, An = anorthite, Ab = albite, 
Ks = K-feldspar. 
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cussion of heavy mineral controls on distribution). It is unlikely that 
the sand fractions of the lower Clutha river could become so Sc enriched 
by source mixing alone; another mechanism is required. A likely possibility 
is the progressive loss of muscovite with downstream transport. Muscovite 
contains LREE abundances of rvlOOx times condrite, which is more than 
zircon (rv10x) and only slightly lower than apatite (rv500x) (Taylor and 
McLennan, 1985). Therefore, muscovite is likely an important La-bearing 
phase in Clutha bedload (particularly when heavy mineral abundances are 
low) and downstream decreases in La (and to a lesser extent, Th), are most 
easily explained through the progressive loss of muscovite from mechanical 
attrition and hydrodynamic winnowing with downstream transport. 
3.4.2 Petrogenesis: Modal Mineralogy 
order to further constrain the mineralogical control of major element dis-
tributions, Haast and Clutha sample compositions have been converted to 
normative mineralogies using the MINSQ program of Herrmann and Berry 
(2002). MINSQ iteratively adjusts the proportions of selected mineral phases 
to provide a best-fit solution to major element composition. This transfor-
mation of the chemical data to a mineral norm is not unambiguous since 
there are usually more mineral species than chemical elements; however, 
the main aim is to find major changes associated with the dominant miner-
als, and the method has been used with success on both greenschist facies 
metasediments (Herrmann and Berry, 2002) and modern river sediments 
from Meurthe River, France (Alban§de and Semhi, 1995). 
Major element analyses from Clutha river bedload have been recast 
among the following normative minerals using the appropriate linear mass-
balance equations: quartz, albite, muscovite, chlorite, epidote, titanite, and 
apatite (Appendix A). This choice of minerals was dictated by literature 
descriptions of Haast Schist (Mortimer and Roser, 1992; Roser and Cooper, 
1990) and supported by optical observations and XRD analyses of bedload 
sediments. The same set of minerals was used for normative calculations for 
the upper three samples of the Haast river, which fall within schist textural 
zone 4. For samples from lower reaches, biotite and ilmenite were added 
to the calculation to reflect the presence of locally-derived sediments from 
biotite and garnet-oligoclase zone rocks (Fig. 3.2). 
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Of particular interest in normative mineral calculations is the behavior 
of muscovite, which is thought to be preferentially weathered in bedload by 
mechanical attrition. accordance with the trends observed in A-CN-K 
space, modal muscovite displays decreasing concentrations with downstream 
location in the Clutha (Fig. 3.13). In particular, the uppermost two samples 
display much higher concentrations than are found in samples CA 3-4. All of 
these samples are derived from Torlesse metasediments, but the two down-
stream samples, which are subject to the influence of Quaternary surficial 
deposits (Fig. 3.2), have rv50% less muscovite. Downstream from this point, 
Clutha 
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Figure 3.12: La-Th-Sc ternary diagram of Bhatia and Crook (1986). Source 
rock data from Mortimer and Roser (1992). 
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muscovite is strongly fractionated into silt-size bedload; its abundance in 
this fraction is balanced by depletion in sand size bedload. 
This reinforces the trends found in A-CN-K space, which indicate that 
bedload from the lower reaches of the Clutha is sourced from a combination 
of recently-eroded bedrock and deposits of Quaternary-to-recent fluvial de-
posits. Because of longer residence time, these sediments are characterised 
by more complete removal of muscovite to the silt fraction. contrast to 
Clutha river bedload, Haast river sediments are characterised by less variable 
normative muscovite content and no preferential enrichment in silt fractions 
over sand. 
Although mechanical weathering is likely to be at least as efficient in the 
Haast catchment as in the Clutha, sediment residence times in the fluvial 
system are not sufficient to develop mineralogically differentiated deposits 
like those of the Clutha. It is likely that the high rainfall and steep river 
gradients on the western slope of the Southern Alps result in hydrodynamic 
conditions that tend to 'sweep' all bedload grain size fractions to the sea 
rather than selectively removing the softest and least dense portion of bed-
load to the silt and finer grain size fractions. 
contrast to normative muscovite depletions in Clutha sands, norma-
tive quartz is characterised by a gradual downstream increase in the 2-1 mm 
and 1 mm-355 J-Lm sand fractions of both the Haast and Clutha (Fig. 3.14). 
The fine sand and silt splits do not display the same enrichments, providing 
further evidence that mechanical abrasion is not removing quartz to fine 
grain size fractions. Normative albite concentrations vary the least with 
downstream location, but it is important to note that finer grain size frac-
tions (355-63 J-Lm and < 63 ~-tm) tend to contain higher abundances of albite 
(Fig. 3.15). This enrichment makes intuitive sense; it is anticipated on 
the basis that fine-grain size fractions remain albite-rich in A-CN-K space 
(Fig. 3.10). 
Overall, normative mineral calculations support trends developed on 
ternary diagrams and provide a coherent overall picture of the mechanisms 
of physical weathering that operate in the Haast and Clutha fluvial sys-
tems. Both of these river systems are characterised by the predominance of 
the chemical weathering of calcite and the selective physical weathering of 
muscovite over plagioclase and quartz. Although source rock variations are 
responsible for some of the downstream geochemical trends in the Clutha 
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river, an additional physical weathering mechanism is required to explain 
the maturity of downstream sediments. 
3.4.3 Size Fractionation of REE 
In agreement with previous studies (McLennan, 1989; Morey and Setter-
holm, 1997; Vital and Stattegger, 2000), fluvial sorting by grain size is a 
fundamental control of REE in Haast and Clutha sediments (Fig. 3.6). While 
some overlap in REE abundance occurs, particularly in the 1 mm-355 J.tm 
and 355-63 J.tm sand fractions, coarser sand fractions have lower REE abun-
dances than finer fractions. order to simplify Figure 3.6 and highlight 
the differences between the Haast and Clutha textural fractionation, REE 
abundances have been averaged by each grain size fraction for each river 
(Fig. 3.16). Haast river sediments display parallel patterns and uniform 
REE enrichment with decreasing grain size, except silt HREE, which are 
slightly enriched. In contrast, the Clutha grain size distribution is charac-
terised by nearly identical REE patterns for the three sand fractions and a 
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Figure 3.13: Normative muscovite abundance in grain size fractions ofHaast 
and Clutha bedload sediments. 
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highly enriched silt fraction with HREE enrichment relative to the sand frac-
tions. enrichments result from increased heavy mineral abundance 
in the silt fraction, which is discussed in greater detail below. 
The differentiation of REE abundance by sample size in Clutha river sed-
iments reflects greater average quartz contents in all sand fractions of Clutha 
river sediments. All grain size fractions preserve positive Eu anomalies, but 
they are most pronounced in silt fractions. Feldspars are a major repository 
of Eu in continental rocks (Taylor and McLennan, 1985) and the presence 
of positive Eu anomalies in silt fractions suggests that heavy mineral en-
richment (titanite, ilmenite, and zircon) must be matched by corresponding 
increases in feldspar abundance; otherwise, negative Eu anomalies should 
result, as documented in other studies where silt fractions REE patterns are 
influenced mainly by mafic or heavy minerals (Alban§de and Semhi, 1995; 
Singh and Rajamani, 2001; Vital and Stattegger, 2000). Thus, REE pat-
terns agree with major element data and normative mineral calculations and 
indicate feldspar enrichment in finer sand and silt fractions. The physical 
weathering process that governs this enrichment is also responsible for the 
enrichment of REE in the silt fraction of Clutha bedload relative to the sand 
fraction: mechanical attrition of lithic fragments and heavy mineral grains 
(primarily titanite, apatite, and zircon) leaves sand fractions depleted in 
REE relative to silt fractions. In the Haast fluvial system, where physical 
weathering intensity is limited by short residence times, a more continu-
ous trend of REE concentrations is observed between grain size fractions 
(Fig. 3.16). 
3.4.4 Mineral Control on REE 
Variations in REE concentrations in grain size fractions must correspond to 
mixing of REE-bearing minerals present in the river sediments. Sand size 
fractions of samples from both the Haast and Clutha rivers display positive 
correlation between P, and Zr with total REE (I:REE, total lanthanides 
in this case; Fig. 3.17). In contrast, silt fractions contain lower concen-
trations of total REE than would be expected if P and Zr-bearing phases 
dominated REE behavior. In contrast, Ti and I:REE display similar rela-
tionships in all grain size fractions. The similarity of both Haast and Clutha 
river sediment Ti-'EREE patterns indicates similar mineralogical controls on 
REE abundance. The strong coherence of P, Ti, and Zr with 'EREE con-
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centrations in sand size sediments suggests that apatite, Ti-bearing phases 
and zircon are the most influential minerals controlling REE distribution 
in Haast and Clutha bedload. However, the lack of correlation between P 
and Zr with :EREE in the silt size fraction suggests that apatite and zircon 
abundance are not the primary controls on REE abundance and that these 
correlations with REE in sand fractions may result from the association of 
zircon with Ti-bearing REE-enriched minerals. 
Titanite (CaTiO(Si04)) is a common mineral present in minor amounts 
throughout chlorite zone schists that form the source rocks for the Clutha 
and upper Haast catchment (Mortimer and Roser, 1992). Titanite is known 
to have high REE concentrations (Basir and Balakrishnan, 1999) and is 
likely the most important REE-bearing mineral species in the Clutha catch-
ment bedload, particularly in silt fractions. Other titaniferous minerals 
present in the catchment include biotite and titaniferous magnetite, but 
these have low REE content (Gotze and Lewis, 1994; Gromet and Silver, 
1983). Both titanite and apatite display slightly depleted patterns 
(Taylor and McLennan, 1985). On the other hand, zircon is notable for its 
..__...,_.,.L.j._, enrichment. The slight enrichment of HREE in most silt size Clutha 
sediments suggests that Zr, while subordinate to titanite in controlling REE 
abundance, is still an important contributor of HREE. 
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Figure 3.16: REE patterns for the average of each size fraction of Haast and 
Clutha bedloads. 
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In the Haast river catchment, garnet-oligoclase zone schists of the lower 
Haast catchment contain ilmenite (FeTi03) (Roser and Cooper, 1990). Al-
though both titanite and ilmenite may contribute REE, ilmenite is unlikely 
to exert as strong a control on REE patterns because it is usually associated 
with much greater HREE/LREE ratios (Gotze and Lewis, 1994; Singh and 
Rajamani, 2001; Vital and Stattegger, 2000) than those observed in Haast 
river sediments (Figure 3.16). 
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Figure 3.17: :EREE concentration vs. P (grey), Zr, and Ti. Correlations 
between Ti and :EREE are observed in all size fractions, while P and Zr-
:EREE correlation breaks down in silt fractions. 
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3.5 Conclusions 
• Analysis of bedload sediment grain size fractions from the Haast and 
Clutha rivers indicates that similar weathering and transport processes 
operate in both systems. Bedload sediments display no greater inten-
sity of silicate weathering than parent schists. contrast, calcite ap-
pears to be removed from the sedimentary cycle in weathering profiles 
prior to the entry of sediments to the river system. This conclusion 
supports the work of Jacobson et al. (2003) and suggests that rapid 
mountain uplift rates result in river water dissolved ion compositions 
dominated by carbonate weathering. There is no geochemical evidence 
suggesting that the silicate minerals in Clutha bedload sediments are 
more chemically weathered than those of the Haast river. Physical 
weathering and erosion rates are sufficiently high on both sides of the 
Southern Alps to minimise silicate chemical weathering intensity. 
• The physical weathering of silicates proceeds via the preferential at-
trition of lithic fragments, muscovite, and albite over quartz. The 
cumulative effects of physical weathering and erosion are more fully 
developed in Clutha river bedload because of the longer residence time 
of sediment within the fluvial system. The absence of a silicate weath-
ering signature in either river suggests that the physical processes that 
influence sedimentary composition operate on much shorter timescales 
than chemical weathering. Thus, the rate of tectonic uplift, which di-
rectly influences sediment residence time, controls the magnitude of 
sedimentary evolution in regions with high erosion rates. 
• Grain size is the dominant control on bedload geochemistry in Haast 
and Clutha rivers. This control results mainly from mineralogical 
fractionation during fluvial hydrodynamic sorting. In addition to the 
quartz-feldspar-phyllosilicate relationships, titanite, apatite, and zir-
con control REE distribution and are most abundant in silt fractions 
of bedload. The abundance of these minerals relative to plagioclase is 




Rivers deliver rv90% of the dissolved and particulate products of continen-
tal weathering to the world's oceans (Martin and Meybeck, 1979). Because 
of this, they are of first-order importance in both global weathering and 
denudation (Gaillardet et al., 1997; Hay, 1998), as well as the global biogeo-
chemical cycle of carbon via C02 sequestration (e.g. Raymo and Ruddiman, 
1992). In addition to their role as conduits for the transport of global conti-
nental weathering products, they have recently become important transport 
pathways and sinks for pollutants (Huang and Zhang, 1990; Negrel, 1997; 
Negrel and Deschamps, 1996; Negrel et al., 2000; Poulton and Raiswell, 2000; 
Roy et al., 1999). 
Early attempts to quantify global fluvial sediment flux (Holeman, 1968; 
Milliman and Meade, 1983) focused mainly on rivers with large drainage 
areas; it was implicitly assumed that the sediment loads of smaller, more 
numerous rivers could be combined and represented by the extrapolation of 
large river sediment budgets over wide areas. The seminal work of Milli-
man and Syvitski (1992), however, demonstrated the importance of small 
mountainous rivers on global sediment budgets and forced a rethinking of 
long-held notions about rates of erosion and sediment yield. Their study 
illustrated that high relief basins exhibit higher sediment yields than lower 
relief basins of the same size (Fig. 4.1). 
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Figure 4.1: Sediment load vs. basin area for the global river population of 
Milliman and Syvitski (1992). Mountain and high mountain (1000-3000 m 
relief) river basins display greater sediment loads than upland and lowland 
( < 1000 m relief) rivers. 
particular, high standing islands (HSis, particularly in Oceania) with 
headwaters greater tha.n 1000 m in elevation contribute as much as 33% 
of the global fluvial sediment flux to the worlds oceans (Table 4.1). These 
high sediment yields reflect both the short, steep gradients of the rivers 
and the high flux and variability of rainfall on South Pacific islands. 
addition to high erosion rates that generate high sediment yields, the rivers 
of Oceania are characterised by an absence of large floodplains, which have 
been demonstrated to sequester up to ""50% of annual sediment flux in 
Table 4.1: Fluvial sediment flux estimates for HSis of the South Pacific. 
Location Estimated Flux Proportion of Reference 
New Zealand 0.3 2 Hicks et al. (1996) 
Indonesia 2.0 11 Milliman et al. (1999) 
Papua New Guinea 1.7 9 Milliman (1995) 
Malaysia-Brunei 0.5 3 Milliman et al. (1999) 
Taiwan 0.2- 0.5 1-3 Li (1976); Lyons et al. (2002) 
Philippines 1.0 5 Lyons et al. (2002) 
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Figure 4.2: Comparison of river catchment properties for global river popu-
lation: (a) basin load vs. basin area, (b) basin yield vs. basin area, (c) basin 
runoffvs. basin area, (d) basin load vs basin runoff, (e) basin yield vs. basin 
runoff (Milliman and Syvitski, 1992). Despite relatively small areas, river 
basins from New Zealand and other HSis have high runoff and contribute 
high sediment yields to the worlds oceans. 
large river systems such as the Ganges-Brahmaputra (Goodbred and Kuehl, 
1998; Islam et al., 1999). Thus, HSI fluvial sediments may exert a greater 
geochemical input to the global ocean than previously calculated. The work 
of Milliman and Syvitski (1992) includes data from 20 New Zealand rivers, 
all of which are characterised by high sediment loads and relatively small 
drainage basin areas (Fig. 4.2). It is clear that New Zealand rivers form a 
significant subset of the high-yield streams of South Pacific HSis and are an 
important and largely overlooked contributor to the global fluvial-oceanic 
sediment budget. 
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Just as early studies of global sediment flux concentrated on large river 
systems, so too did investigations of river geochemistry. Because the geo-
chemical signature of large rivers represents the integrated average of weath-
ering products from large portions of upper continental crust (UCC), they 
provide important insights into the average chemical and isotopic character-
istics of the UCC (McLennan, 2001; Taylor and McLennan, 1985). In addi-
tion, large rivers provide insight into global-scale erosion processes through 
the differential mobility of elements during weathering (Negrel et al., 1993; 
Stallard and Edmond, 1983). Under the combined effects of physical and 
chemical weathering, elements are fractionated between a dissolved phase 
(the result of chemical weathering) and a solid phase that may be removed 
by physical erosion and transport, usually in water as a suspended material 
or as bedload sediment. 
The first globally-integrated study ofthe elemental composition of river 
particulates was carried out by Martin and Meybeck (1979), who analyzed 
49 major, minor, and trace elements in 22 rivers representing '""'15% of global 
fluvial particulate flux. This study remains the classic epigraph on fluvial 
geochemical fluxes, while more recent work has added geochemical data on 
particulate geochemistry in river systems from China: (Huanghe: Huang 
et al., 1992; Zhang et al., 1990, 1994; Yangtze: et al., 2002), the Hi-
malaya: Galy and France-Lanord, 1999, 2001; Siberia: and Edmond, 
1999; Huh et al., 1998a,b; the Amazon and Congo: Gaillardet et al., 1997, 
1999; Negrel et al., 1993; large American rivers: Canfield, 1997; and Aus-
tralia: Poulton and Raiswell, 2000. A useful review of large river suspended 
sediments, including many of the aforementioned rivers is Gaillardet et al. 
(1999). It is clear that the average elemental composition of a large portion 
of world river particulates is relatively well known (Martin and Meybeck, 
1979; Martin and Whitfield, 1983; Poulton and Raiswell, 2000), but the sheer 
number of HSI rivers has combined with geographic isolation to leave the 
South Pacific underrepresented in geochemical flux calculations. 
This fact was recognised by Carey et al. (2002) who, on the basis of 
data from New Zealand, Papua New Guinea, and Taiwan, concluded that 
global trace metal budgets that exclude the input from HSis overestimate 
geochemical fluxes by 9-24% (Co and Cu, respectively). These estimates 
are based partially on bedload sediment analyses rather than suspended 
load. The chemical compositions of suspended and bedload particulates 
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are sufficiently different (e.g. Alban§de and Semhi, 1995; Dupre et al., 1996; 
Goldstein and Jacobsen, 1988; Horowitz, 1991; Horowitz and Elrick, 1987; 
Stallard and Edmond, 1983; Zhang et al., 1994) that they cannot be con-
sidered transport-differentiated subsets of the same material. particular, 
the concentrations of transition metals and trace elements increase with de-
creasing grain size (see Horowitz and Elrick, 1987, and references therein). 
The grain size effect results from several causes; for example, as grain size 
decreases, surface area and the abundance of trace element-bearing phases 
such as Fe-Mn oxides/hydroxides, organic carbon, and clay minerals all in-
crease (Baker, 1980; Horowitz, 1991; Horowitz and Elrick, 1987). In addi-
tion, Carey et al. (2002) focussed on a limited range of transition metals 
(Cu, Zn, Ni, Mn, Cr, Co) and Pb, leaving other major and trace elements 
unstudied. Therefore, New Zealand's role in the global fluvial geochemical 
cycle remains largely unknown. 
Because of the temporal variability of fluvial water discharge, suspended 
sediment concentration (TSM), and sediment composition, the integration 
required to generate a geochemical flux estimate is a complex task (see Olive 
and Rieger, 1992; Walling et al., 1992). Horowitz et al. (2001) demonstrate 
that there can be greater than order of magnitude variations in intra- and 
inter-annual discharge and suspended material concentrations, but these are 
usually accounted for by the use of mean annual discharge and suspended 
material concentration estimates from several years of monitoring. In con-
trast to river flow characteristics, variations in the geochemical composition 
of suspended material rarely exceed a factor of two (Horowitz et al., 2001), 
and repeat analyses of sediment from single rivers tends to display less vari-
ability than samples from different rivers (Konovalov and Ivanova, 1970; 
Martin and Meybeck, 1979). This suggests that the grain size of suspended 
sediments analyzed in these studies remains relatively constant through the 
range of monitored flow regimes. On the basis of these arguments, it is 
often assumed that single sampling events provide first-order approxima-
tions of average suspended material (Martin and Meybeck, 1979; Poulton 
and Raiswell, 2000, 2002). Grain size analysis of suspended sediments from 
large continental rivers in the USA (Canfield, 1997) suggests that the con-
centrations of sand, silt and clay in suspended sediment samples can vary 
substantially from river to river, but there are no overall correlations be-
tween grain size and hydrologic parameters. 
62 New Zealand 
This study follows earlier work on global average fluvial suspended par-
ticulate composition (e.g. Gaillardet et al., 1997; Martin and Meybeck, 1979) 
by recalculating the global average using a combination of New Zealand 
data from this study and data from recent literature. It also presents the 
first comprehensive geochemical flux estimates for the New Zealand micro-
continent. Major and trace element analysis of bedload size fractions from 
a total of 37 rivers representing 61% of the total New Zealand fluvial sed-
iment flux are combined with suspended sediment trace element analyses 
from 7 of the highest sediment-producing rivers to generate these calcula-
tions (Fig. 4.3; Table 4.2). Details of the sampling procedures used are given 
in Chapter 2. Trace element analyses of suspended sediments are used to 
address the elemental fluxes of transition metals and lead from New Zealand. 
A wider suite of major and trace elements was analyzed in fine sand and 
silt bedload fractions from a larger population of New Zealand rivers; these 
data are used to assess the effect of New Zealand fluvial sediment fluxes on 
global fluvial elemental compositions. 
In addition, comparison of suspended and bedload sediments is used 
to assess the potential effect of suspended sediment grain size variations 
on average geochemical composition and flux calculations. While there are 
compelling arguments for the adequacy of single-sample suspended material 
collection in approximating an average suspended particulate composition 
for many of the large rivers of the world, the potential effects of changing 
grain size with hydrologic parameters requires further assessment. In par-
ticular, the short, steep gradients and high variability of rainfall that char-
acterise many of the gravel-bed braided rivers of New Zealand suggests that 
the grain-size effect may be more pronounced as river discharges respond 
to rainfall and seasonal snow melt events. The range of bedload grain size 
fractions analyzed allows for an assessment of the geochemical variability of 
New Zealand sediment with changing hydrological conditions. 
On a global scale, New Zealand rivers drain watersheds undergoing rel-
atively rapid physical denudation associated with the plate boundary pro-
cesses of orogeny and volcanism. Despite this similarity, there is signifi-
cant variability in both climate (e.g. temperature, precipitation, runoff) 
and tectonism (e.g. denudation rates, fluvial sedtment residence time) from 
watershed to watershed. The effects of climatic and tectonic factors on 
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Figure 4.3: Location map for rivers sampled in this study. * indicates 
collection of suspended sediment. All rivers were sampled at downstream 
locations listed in Table 4.2. 
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Table 4.2: River sample location, estimated sediment yield, and suspended 
sediment concentrations at time of sampling. Samples were collected during 
May/ June 2004. 
1 Whakatane White Pine Bush 0.61 
2 Motu Houpoto 3.5 
3 Waiapu Rotokautuku 35 891 
4 Hikuwai Wharekaka 5 67 
5 Waipaoa Matawhero 15 313 
6 Wairoa Wairoa 4.7 
7 Ngaruroro Fernhill 1.3 
8 Porangahau Porangahau 0.41 520 
9 Ruamahanga Ponatahi 0.6 
10 Manawatu Shannon 3.8 
11 Rangitikei Bulls 1.1 
12 Whanganui Upokongaro 4.7 
13 Waitara Waitara 0.97 
14 Waikato Tukau 
Total 
South Island 
1 Awatere Seddon 0.21 
2 Clarence Clarence 0.65 
3 Waiau E Parnassus 2.8 88 
4 Hurunui Tormere 0.53 
5 Ashley Saltwater Creek 0.089 
6 W aimakariri Kainga 3.1 
7 Rakaia Rakaia 4.2 
8 Rangitata Baling 1.6 
9 Opihi Arawhenua 0.16 
10 Waitaki Waitaki 0.34 
11 Clutha Balclutha 0.39 
12 Mataura Fortrose 0.69 
13 Oreti Wallace Town 0.26 
14 Waiau S Tuatapere 0.78 
15 Arawata Neil's Beach 7.2 
16 Haast Haast 5.9 
17 Fox Fox Glacier 1.5 NA 
18 Waiho Franz Joseph 3.4 NA 
19 Whataroa Whataroa 4.8 
20 Waitaha Highway 6 2.8 
21 Hokitika Kaniere 6.2 
22 Taramakau Highway 6 2.2 
23 Grey Greymouth 
Total 
New Zealand 129 
Total New Zealand Yield 209 
" Hicks and Shankar (2003), in million tonnes per year 
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and Berner, 1997; Edmond and 1997). On the South Island of New 
Zealand, (as discussed in Chapter 3), weathering-limited vs. transport lim-
ited fluvial systems have been identified on the basis of isotopic ratios of 
river water (Jacobson et al., 2003). However, the uncertainties associated 
with the correction of river dissolved concentrations for non-silicate inputs 
can be quite large (Gaillardet et al., 1999). Complementary data from river 
particulates should provide external verification of river solute chemistry in 
weathering mass-balance calculations. Therefore, this chapter investigates 
the relations between river particulate chemistry and weathering with the 
goal of assessing the silicate weathering signature of New Zealand fluvial 
sediments from diverse regions. Such investigation complements Chapter 3 
of this work and attempts to provide a mid-scale link between global-scale 
fluvial sediment/weathering investigations (e.g. Canfield, 1997; Gaillardet 
et al., 1999; Martin and Meybeck, 1979; McLennan, 1993; Stallard, 1995) 
and small-scale studies (Bluth and Kump, 1994; Louvat and Allegre, 1997; 
White and Blum, 1995). 
4.2 Results 
Trace element data for New Zealand river suspended sediment are presented 
in Table 4.3 along with discharge weighted average suspended sediment com-
position values for New Zealand and the world, and the estimated composi-
tion of the upper continental crust (UCC). New Zealand river particulates 
tend to have lower concentrations of most trace elements when compared 
to Martin and Meybeck (1979). In contrast, comparison to the average 
large river particulate composition of Gaillardet et al. (1999), which is heav-
ily weighted toward the high-sediment yield rivers of Asia, reveals greater 
similarity. 
Raw major and trace element data from New Zealand bedload sediment 
sand and silt size fractions are tabulated in Appendix C. order to assess 
the effects of grain size on the major element chemistry of New Zealand 
bedload sediments, major elemental concentrations are plotted vs. Ab03 
in Figure 4.4. As with Haast and Clutha bedload sediments, the negative 
correlation between Si02 and Al203 is apparent. However, the grain size 
effect is partially obscured in other major element comparisons by the wider 
range of source lithologies providing sediment of varying compositions to 
Table 4.3: Trace element concentrations (ppm) in fluvial suspended load. All average compositions are discharge we
ighted; lg; 
the New Zealand average is discharge-weighted by region. 
Waiaeu Waieaoa Hikuwai Waiho Waiau SE Fox Porangahau 
New Zealand Average UCca World River Averageb Large River Averagec 
s.;miililliDate 23/05/04 23/05/04 23/05/04 15/07/04 25/05/04 15/07/04 
24/05/04 
Sampling Location Rotokautuku Matawherc Wharekaka Franz Josef Pamassus Fox Town Bridge Porangahau
 
Mean Discharge (m~/s) 99 32 9 NA 100 NA 2 
Sediment Yield* (Mt.Y1) 35 15 5.0 3.4 2.8 1.52 0.41 
Region East Cape East Cape East Cape Westland North Canterbury Westland Southe
ast Coast NI 
Region Yield 69 69 69.0 62.0 5.7 62.00 
3.00 
Li 81.2 63.0 78.3 68.9 66.0 59.6 
73.8 74.9 20 25 
Be 2.6 1.7 1.8 2.9 2.2 2.9 
2.2 2.3 3 
Sc 15.1 12.5 15.2 12.6 14.6 
12.7 13.9 14.3 11 18 
v 110 96 121 116 113 105 111 108 60
 170 114 
Cr 64 56 75 58 73 45 
68 63 35 100 63 
Co 10.4 9.4 11.3 15.5 12.1 12.5 
8.2 10.7 10 20 16 
Ni 32 32 50 25 45 20 
33 33 20 90 42.3 
Cu 32 26 21 20 23 18 
24 28 25 100 42 
Zn 93 81 81 122 85 99 
97 91 71 350 110 
Ga 21.8 16.2 17.6 24.0 18.9 23.0 
20.1 20.2 17 25 18 
Rb 139 98 104 165 112 143 
131 127 112 100 93 
Sr 142 188 198 353 240 369 
192 179 350 150 170 
y 20.2 14.8 16.0 14.6 18.9 17.4 15.8 18.1
 22 23.9 z 
Zr 98.3 74.6 90.8 2.9 93.5 3.1 88.5 
84.6 190.0 118.0 
Nb 11.34 8.2 8.7 10.2 10.3 10.1 
9.9 10.3 25 14.2 
(!) 
Cd 0.04 0.06 0.06 0.03 0.04 0.02 
0.07 0.04 0.098 1 0.38 ~ 
Sb 0.39 0.38 0.30 0.28 0.37 0.29 
0.37 0.37 0.2 2.5 2.36 N 
Cs 8.82 6.83 7.45 9.07 7.13 7.50 
9.16 8.16 3.7 6 9.38 
Ba 676 692 422 955 492 825 
615 671 550 600 258 
(!) 
Ill 
La 24.7 17.1 19.1 21.4 23.4 24.6 
19.1 22.2 30 45 39 ...... 
Ce 56.9 39.3 45.7 45.4 53.1 53.5 
42.6 50.9 64 95 78 Ill 
Pr 6.45 4.47 5.04 5.39 6.17 6.37 
4.89 5.80 7.1 8 9.11 = 
Nd 24.0 17.0 19.1 20.5 23.3 24.3 
18.6 21.7 26 35 34.9 
0.. 
Sm 4.87 3.54 3.91 4.04 4.75 4.95 
3.74 4.43 4.5 7 6.68 
Eu 1.10 0.87 0.95 1.01 1.11 1.16 
0.87 1.03 0.88 1.5 1.38 
Gd 4.29 3.08 3.50 3.63 4.23 4.33 
3.30 3.90 3.8 5 5.5 
Dy 3.69 2.72 3.10 2.88 3.65 3.45 
2.84 3.36 3.5 4.75 
Ho 0.75 0.54 0.62 0.56 0.73 0.67 
0.58 0.68 0.8 1 0.94 
Er 2.05 1.48 1.69 1.42 1.95 1.70 1.59 
1.84 2.3 3 2.63 
Yb 2.01 1.53 1.75 1.22 1.88 1.47 
1.67 1.81 2.2 3.5 2.49 G1 
Lu 0.31 0.23 0.27 0.16 0.29 0.18 
0.25 0.28 0.32 0.5 0.37 
Hf 2.72 2.04 2.54 0.13 2.59 0.15 
2.47 2.34 5.8 6 3.7 
(!) 
Ta 0.83 0.60 0.63 0.66 0.76 0.69 
0.73 0.75 2.2 1.25 1.06 0 
Pb 18.4 12.0 13.6 22.2 17.4 18.7 
14.3 16.7 20 150 39 
(') 
Th 12.2 8.36 9.35 8.07 10.5 9.38 1
0.6 10.7 10.7 14 14.2 
:::.r' 
u 2.56 2.04 2.11 1.44 2.24 1.65 2.22 2.30 2.8 
3 2.96 
(!) 
*NJW A estimate (Hicks and Shankar, 2003) 
s 
• McLennan (2001) 
..... 
Cll 
"Martin and Meybeck (1979) 
e-1-
'Gaillardet et al. (1999) 
'"':! « 
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New Zealand rivers. Although some major elements appear to be positively 
correlated with Al203, the scatter of the data suggests hints at the increased 
complexity of comparing bedload sediments from catchments draining nu-
merous lithologies (Fig. 4.4). 
The relationship between suspended and bedload trace element concen-
trations is illustrated in Figure 4.5, where average bedload grain size fraction 
concentrations are normalised to average suspended sediment composition 
from the same set of rivers. Most apparent are the bedload enrichments in 
Zr and Hf, and depletions in Ga, Rb, Ce, and Ba. Zr and enrichment 
are matched by elevated heavy rare earth element (HREE) concentrations. 
As demonstrated in Chapter 3, this is consistent with zircon as one of the 
primary mineralogical controls on HREE abundance. 
4.3 Fluxes to World Ocean 
4.3.1 Discharge Calculations 
Regional or global average river particulate compositions are usually cal-
culated using individual river sediment yield estimates, but this method 
becomes imperfect with restricted sample populations. the absence of 
reliable measured data, discharge weighted calculations are not possible un-
less other estimates of river sediment yield can be made; these are usually 
generated by sediment yield algorithms based on catchment variables such 
as elevation, relief, rock properties, and runoff (Milliman, 1995; Milliman 
and Meade, 1983; Milliman and Syvitski, 1992). In some cases sampling 
bias such as this can be avoided by complete sample populations, such as 
a global large river studies (Gaillardet et al., 1999; Martin and Meybeck, 
1979). The high-standing islands (HSI's) of the South Pacific, however, are 
characterised by hundreds or thousands of high-yield rivers that are both 
difficult to access and are unlikely to be monitored for sediment yield or 
water discharge. For example, the Waiapu River (East Cape, North Island), 
with a yearly sediment yield of 35 Mt/yr (Hicks and Shankar, 2003), com-
prises 55% of the total yield of rivers sampled for this study. However, as the 
work of Hicks and Shankar (2003) demonstrates, the total flux of sediment 
from the central West Coast of the South Island (represented by the Fox 
and Waiho, which comprise only 7% of the total sampled sediment flux) is 
nearly equal to that of the East Cape (62 and 69 Mtjyr, respectively). 
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Figure 4.4: Variation diagrams of major elements vs. Ah03 for New Zealand 
river bedload grain size fractions. 
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Figure 4.5: Average trace element concentrations of New Zealand river bed-
load grain size fractions normalised to average trace element concentrations 
of suspended sediments from the same river population. 
For this study, geochemical data are combined with the sediment yield es-
timates of Hicks and Shankar (2003) to generate geochemical flux estimates 
based on regional sediment yield rather than river-weighted calculations. 
Regional sediment yield estimates are derived from a model utilizing objec-
tive erosion rate parameters (e.g. slope, rainfall, rock type) over the entire 
land surface of the New Zealand; the model is calibrated to the measured 
sediment yields from over 200 gauging stations throughout New Zealand 
(Hicks and Shankar, 2003). Table 4.4 presents geochemical data and sed-
iment yield estimates for the major geographical zones that the sampled 
rivers are taken to represent. Recalculation of the average composition of 
New Zealand river particulates using these discharge-weighted values should 
help to prevent the overrepresentation of a few dominant source area litholo-
gies (e.g. East Cape sand/siltstone). Comparison to the original individ-
ual river-yield weighted data suggests that this is a non-trivial correction 
for most elements but that the alternative method of calculating average 
sediment composition does not result in uniform enrichment or depletion 
of element concentrations from river-discharge weighted values (Table 4.4). 
Thus, the following discussion uses regional discharge-weighted geochemical 
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Table 4.4: Comparison of river-weighted and region-weighted New Zealand 
suspended sediment average composition. 
Region East Cape West Coast Southeast NI North Canterbury Average weighted Average weighted 
Yield Mtlxr 69 62 3 5.7 bJ: river J:ield bJ: re!lion z:ield 
Li 75.95 66.02 73.84 65.97 74.9 71.1 20 
Be 2.3 2.9 2.2 2.2 2.3 2.5 3 
Sc 14.4 12.6 13.9 14.6 14.3 13.6 13.6 
v 107 113 111 113 108 110 107 
Cr 63 54 68 73 63 59 83 
Co 10.2 14.6 8.2 12.1 10.7 12.2 17 
Ni 34 23 33 45 33 30 44 
Cu 29 19 24 23 28 25 25 
Zn 89 115 97 85 91 100 71 
Ga 19.9 23.7 20.1 18.9 20.2 21.5 17 
Rb 125 158 131 112 127 139 112 
Sr 160 358 192 240 179 252 350 
y 18.3 15.5 15.8 18.9 18.1 17.0 22 
Z:r 91.2 3.0 88.5 93.5 84.6 52.1 190 
Nb 10.2 10.1 9.9 10.3 10.3 10.2 12 
Cd 0.05 0.03 O.Q7 0.04 0.04 0.04 0.098 
Sb 0.38 0.28 0.37 0.37 0.37 0.33 0.2 
Cs 8.15 8.59 9.16 7.13 8.16 8.32 4.6 
Ba 657 915 615 492 671 764 550 
La 22.1 22.4 19.1 23.4 22.2 22.2 30 
Ce 51.1 47.9 42.6 53.1 50.9 49.6 64 
Pr 5.78 5.69 4.89 6.17 5.80 5.74 7.1 
Nd 21.65 21.65 18.57 23.28 21.7 21.7 26 
Sm 4.42 4.32 3.74 4.75 4.43 4.37 4.5 
Eu 1.02 1.05 0.87 1.11 1.03 1.04 0.88 
Gd 3.89 3.84 3.30 4.23 3.90 3.87 3.8 
Dy 3.37 3.06 2.84 3.65 3.36 3.23 3.5 
Ho 0.68 0.59 0.58 0.73 0.68 0.64 0.8 
Er 1.86 1.51 1.59 1.95 1.84 1.71 2.3 
Yb 1.86 1.30 1.67 1.88 1.81 1.60 2.2 
Lu 0.28 0.17 0.25 0.29 0.28 0.23 0.32 
Hf 2.52 0.14 2.47 2.59 2.34 1.46 5.8 
Ta 0.75 0.67 0.73 0.76 0.75 0.72 1.0 
Pb 16.2 21.1 14.3 17.4 16.7 18.4 17 
Th 10.9 8.5 10.6 10.5 10.7 9.8 10.7 
u 2.38 1.50 2.22 2.24 2.30 1.98 2.8 
' McLennan (2001) 
flux estimates that should represent average particulate compositions more 
accurately than river discharge-weighting. 
4.3.2 Size Effects 
Although numerous studies illustrate the effects of different grain size frac-
tions (e.g. Albarede and Semhi, 1995; Horowitz, 1991; Horowitz and Elrick, 
1987; Vital et al., 1999) on the mineralogy and geochemistry of bedload 
sediments, few studies have considered the analogous effects on suspended 
sediments (Gibbs, 1977; Negrel, 1997). Particles smaller than "'100 ;.tm are 
to the World Ocean 
usually assumed to be transported in suspension wheras larger grains are 
thought to move by saltation (e.g. Albarede and Semhi, 1995; Visher, 1969), 
but this is an arbitrary boundary, as the movement of particles coarser than 
rv63 J-Lm is controlled by grain size, grain density, velocity of flow in the 
transporting medium, and channel geometry (Vanoni, 1977; Salomons and 
Forstner, 1984). Hydrological differentiation tends to concentrate clays and 
light minerals in suspended sediments and and heavy minerals and quartz 
in bedload (Albarede and Semhi, 1995; Cullers et al., 1987; Vital and Stat-
tegger, 2000). In order to investigate the effect of changing flow regimes 
on geochemical fluxes in New Zealand rivers, average suspended sediment 
elemental concentrations are compared to average bedload grain size frac-
tions sampled concurrently and calculated by region-weighted sediment yield 
(Table 4.5). 
Of the rivers for which bedload and suspended load samples were taken, 
North Island rivers and the Waiau river on the east coast of the South Island 
(Waiau E) display similar relationships between bedload and suspended sed-
iment geochemistry. The Waiho river, a glacial outwash stream on the west 
coast of the South Island, displays different behavior. To illustrate these 
differences, Waiho and Waiapu rivers (with the Waiapu as a proxy for all 
other sampled rivers) bedload size fraction trace element concentrations are 
normalised to respective suspended sediment element concentrations in Fig-
ure 4.6. For the Waiapu (and all other rivers but the Waiho), a relatively 
simple pattern emerges (Fig. 4.6a). Bedload fractions become increasingly 
enriched in Zr and and HREE with decreasing grain size. The enrich-
ment of these elements corresponds to depletions in Ga, Rb, Y, Nb, and 
Ce relative to suspended sediment but display the same relative order of 
enrichment with grain size. Zr and concentrations are widely recognised 
to represent the zircon abundance (e.g. Vital and Stattegger, 2000) and the 
correlation between Zr, Hf and HREE enrichment supports this hypothe-
sis, since zircon is one of the most important REE-bearing heavy minerals 
and commonly displays HREE enrichment (Taylor and McLennan, 1985). 
Ga, Rb, Y, Nb, and Ce are most commonly associated with clay minerals 
and/or muscovite (Vital and Stattegger, 2000), and their apparent depletion 
in bedload sediments reflects preferential concentration of these minerals in 
suspended sediments. 
The concentration of clays and micaceous minerals in suspended load 
also controls the geochemistry of Waiho river sediments, but here the effect 
Table 4.5: Trace element concentrations (ppm) in 1 mm-355 pm, 355-63 pm, < 63 pm, < 20 pm bedload sediments, and 







Size Fraction Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Srn Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
1-355 9.7 8.0 38.8 161 11.2 90 4.2 1.23 1.91 461 13.3 25.8 2.95 11.8 2.39 0.61 2.11 1.95 0.41 1.09 1.19 0.18 2.38 0.32 4.39 1.14 
355-63 11.4 10.8 55.7 219 13.3 157 5.5 1.35 2.30 478 14.2 30.1 3.30 13.6 2.78 0.72 2.62 2.35 0.49 1.31 1.44 0.22 3.93 0.43 5.92 1.41 

























16.1 15.9 82.8 
15.2 17.6 104 
9.3 7.9 42.4 
11.6 10.1 50.5 
12.4 11.5 58.1 
14.2 13.6 70.9 
12.5 16.2 98 
11.9 12.5 67.3 
11.8 12.8 70.1 
15.3 17.7 98.9 
15.1 21.8 139 
9.8 8.4 45.3 
10.1 8.9 50.5 
9.9 10.2 60.4 
13.9 20.1 131 
11.8 13.9 77.1 
13.5 14.9 79.9 
15.3 17.9 95.8 
14.6 18.9 112 
16.7 21.1 108.5 
14.9 17.4 74.7 
14.6 15.2 51.6 
14.8 22.0 121.5 
12.6 24.0 165 
231 18.6 149 8.7 1.44 4.54 428 19.5 42.7 4.66 19.0 4.14 0.91 3.88 3.31 0.71 2.02 2.02 0.32 4.11 0.70 9.91 2.00 
198 16.0 91 8.7 7.45 422 19.1 45.7 5.04 19.1 3.91 0.95 3.50 3.10 0.62 1.69 1.75 0.27 2.54 0.63 9.35 2.11 
81 8.7 83 4.4 1.15 2.11 573 9.4 19.1 2.18 8.7 1.82 0.40 1.70 1.46 0.31 0.88 0.88 0.15 2.08 0.35 4.30 1.27 
173 12.3 142 5.5 1.22 2.30 577 12.2 25.5 2.90 12.0 2.60 0.61 2.34 2.11 0.43 1.25 1.28 0.22 3.66 0.42 5.62 1.44 
206 15.9 265 6.6 1.26 2.69 617 14.3 30.3 3.39 14.1 3.23 0.73 2.95 2.67 0.59 1.64 1.78 0.32 6.61 0.55 7.07 1.84 
227 17.7 160 7.8 1.36 3.66 622 17.4 36.9 4.11 17.3 3.57 0.81 3.35 3.07 0.66 1.85 1.86 0.32 4.27 0.64 8.53 1.95 
188 14.8 75 8.2 6.83 692 17.1 39.3 4.47 17.0 3.54 0.87 3.08 2.72 0.54 1.48 1.53 0.23 2.04 0.60 8.36 2.04 
157 15.4 177 7.3 0.98 2.88 604 17.2 36.9 4.01 16.2 3.38 0.70 3.13 2.84 0.53 1.63 1.69 0.27 4.40 0.59 8.22 1.70 
174 19.3 365 8.3 1.14 3.12 620 19.3 41.1 4.47 18.6 3.92 0.80 3.45 3.29 0.70 2.08 2.29 0.36 8.93 0.72 9.50 2.28 
182 23.3 186 11.4 1.16 5.17 616 25.9 54.3 6.03 24.6 5.09 1.01 4.67 4.26 0.89 2.48 2.53 0.40 5.01 0.93 12.90 2.50 
142 20.2 98 11.3 8.82 676 24.7 56.9 6.45 24.0 4.87 1.10 4.29 3.69 0.75 2.05 2.01 0.31 2.72 0.83 12.20 2.56 
75 8.0 82 4.8 1.41 2.38 463 9.3 17.7 2.03 8.3 1.79 0.38 1.56 1.35 0.29 0.88 0.93 0.14 2.12 0.36 4.19 1.37 
124 9.7 99 4.6 1.35 2.28 613 11.2 22.5 2.51 10.6 2.16 0.47 1.97 1.69 0.38 0.92 1.00 0.17 2.48 0.36 4.86 1.39 
185 14.0 383 6.0 1.18 2.42 680 13.6 28.5 3.21 12.8 2.83 0.61 2.52 2.38 0.51 1.54 1.80 0.28 9.46 0.51 6.71 1.92 
192 15.8 89 9.9 9.16 615 19.1 42.6 4.89 18.6 3.74 0.87 3.30 2.84 0.58 1.59 1.67 0.25 2.47 0.73 10.60 2.22 
231 17.3 179 8.3 0.74 2.76 510 21.8 42.8 4.95 19.9 4.13 0.84 3.51 3.18 0.66 1.85 1.75 0.28 4.83 0.68 8.88 1.77 
242 23.7 526 10.2 0.72 3.04 491 29.7 59.1 6.72 26.9 5.27 1.09 4.62 4.24 0.90 2.41 2.61 0.44 13.05 0.85 11.80 2.65 
239 28.0 217 12.8 0.85 4.79 523 35.4 70.7 8.02 32.5 6.55 1.34 5.93 5.21 1.05 2.87 2.72 0.43 5.89 1.04 13.95 2.62 
240 18.9 94 10.3 7.13 492 23.4 53.1 6.17 23.3 4.75 1.11 4.23 3.65 0.73 1.95 1.88 0.29 2.59 0.76 10.50 2.24 
399 27.4 246 13.3 1.06 4.32 705 38.2 76.1 8.68 35.2 7.03 1.63 6.06 5.00 1.07 2.73 2.75 0.42 6.38 1.08 14.65 2.87 
430 26.2 249 12.5 0.85 3.03 491 44.5 85.2 9.57 38.6 7.28 1.53 6.13 4.74 0.99 2.62 2.74 0.40 6.41 1.07 15.95 2.85 
472 31.3 956 10.5 0.95 2.36 321 39.7 78.1 9.00 36.1 7.32 1.47 6.28 5.54 1.16 3.24 3.47 0.56 23.90 0.92 15.55 4.19 
370 20.9 142 9.9 0.88 5.04 827 24.0 47.5 5.58 22.9 4.75 1.11 4.19 3.91 0.78 2.01 1.94 0.31 3.84 0.79 10.65 2.12 
353 14.6 2.9 10.2 9.1 955 21.4 45.4 5.39 20.5 4.0 1.01 3.63 2.88 0.56 1.42 1.22 0.16 0.13 0.66 8.07 1.04 
~ 
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is more pronounced (Fig. 4.6b). Chlorite, biotite and garnet-oligoclase zone 
schists are the dominant rock types on the western flank of the Southern 
Alps; these metasedimentary rocks contain abundant chlorite, muscovite, 
and biotite (Grapes et al., 1982; Roser and Cooper, 1990). The presence of 
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Sc Ga Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
Q 1 mm-355 f.!m Q 355-63 f.!m 
Figure 4.6: (a) Waiapu and (b) Waiho bedload grain size fraction elemental 
concentrations normalised to suspended sediment concentrations. 
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portant to its geochemistry. Bedload of the Waiho river is characterised by 
much higher concentrations of and Hf relative to suspended sediment. In 
contrast to the increasing concentrations of Ga, Rb, Y, Nb, and Ce with de-
creasing bedload grain size in the Waiapu river, the sands and< 63 f..Lm silt of 
the Waiho display decreasing concentrations of these elements. The < 20 f..lm 
fraction, however, breaks this trend with higher concentrations. The high 
concentrations of elements associated with clay and mica in the finest frac-
tion of bedload and suspended sediments and their decreased concentrations 
in sand fractions is most likely related to grain-size differentiation of chlorite, 
muscovite, and biotite from zircon and other heavy minerals during glacial 
grinding. Glacial erosion here is characterised by grain size attrition of softer 
mica to finer grain size fractions, a process that has been observed in other 
glacially-derived sediments (Nesbitt and Young, 1996). This attrition results 
in progressive depletion of sand-size bedload and subsequent enrichment in 
< 20 tJ.m bedload and suspended sediment fraction. As a result, sand-size 
bedload is preferentially enriched in more resistant heavy minerals, which 
results in higher Zr and concentrations in all bedload fractions. 
On average, New Zealand bedload is characterised by sand and silt frac-
tions with trace element concentrations correlated to grain size (Fig. 4.5). 
Suspended sediments are relatively enriched in Ga, Rb, Cs, and Ba, which 
is consistent with higher concentrations of clay and mica. On average, the 
< 63 f..Lm fraction of bedload contains the highest trace element concentra-
tions, which is likely related to high abundance of zircon and other heavy 
minerals (Fig. 4.5). This result is consistent with the work of de Groot et al. 
(1982), who found strong correlations between the percentage of 16 f..Lm ma-
terial in a bulk sample and transition metal concentrations in sediment from 
the River Ems in Europe, but disagrees with Horowitz and Elrick (1987), 
who found the < 125 f..Lm and < 63 f..lm fractions to have the highest trace 
element concentrations in a large set of rivers from the United States. The 
enrichment of suspended sediment in Ga, Rb, Nb, Cs, and Ba relative to 
bedload reflects the greater abundance of phyllosilicates in this fraction. Zr 
and are the only elements that exhibit > 1 order of magnitude differ-
ences from suspended sediment concentrations. difference is related 
to a higher abundance of zircon, but this mineralogical difference does not 
result in large discrepancies between other elemental concentrations in sus-
pended and bedload sediments. 
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For this study, in fluvial elemental flux estimates where bedload data 
are utilised, the < 63 pm fraction is preferred. Although the < 20 pm frac-
tion displays the greater geochemical similarity to suspended load, < 63 pm 
fraction data are available for a much greater set of New Zealand rivers, and 
most of the average trace elemental concentrations for this fraction may be 
taken as maxima (excluding Ga, Rb, Cs, and Ba, Fig. 4.5). The caveat to 
the use of the silt size fraction in the following discussion is that a higher 
proportion of heavy minerals (as represented by Zr and concentrations) is 
represented in the calculations than would otherwise be present. The effect 
of heavy minerals on bedload geochemistry is mostly observed in elevated 
heavy rare-earth element concentrations over suspended load and the cor-
responding enrichment of suspended load in elements carried primarily in 
light and/or micaceous minerals. However, perhaps the greatest uncertainty 
associated with fluvial geochemical fluxes, particularly from rivers draining 
HSI's, is the volumetric balance between suspended and bedload transport. 
The proportion of suspended to bedload sediments carried in fluvial sys-
tems is disputed (see discussion in Milliman and Meade, 1983), but bedload 
is generally deemed to represent no more than 10% of total sediment flux 
(Meade, 1981; Powell et al., 1996). Despite this, bedload transport has been 
demonstrated to represent > 50% of total yield in mountain rivers (Billi 
et al., 1998; Gurnell et al., 1988). The gravel bed rivers of high-sediment 
yield regions of New Zealand are characterised by steep catchments and 
'flashy' hydrographs that combine to maximise bedload transport during 
storm events. The fine fraction of bedload is geochemically similar to sus-
pended load and likely comprises a much more significant proportion of total 
sediment flux than lower-gradient rivers. Therefore, it is suitable to use the 
< 63 pm fraction as a proxy for the average geochemical signature of 'aver-
age' sediment derived from land erosion in New Zealand. The influence of 
gravel and coarser grained fluvial bedload is not constrained by the data of 
this study, but the general trend of decreasing trace element concentrations 
with increasing grain size (Table 4.5, Fig. 4.5) suggests that these grain 
sizes are likely to have lower elemental abundances than the silt fraction of 
bedload. 
A final consideration pertaining to the analysis of bedload sedi-
ments vs. suspended load is the potential for sand and coarser-grained 
bedload detritus to contain a higher proportion of locally-derived sediment 
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rather than a well-mixed 'average' suspended load. Comparisons of sus-
pended load and bedload from many of the highest yield rivers in New 
Zealand have helped to constrain differences between suspended and bed-
load geochemistry; portions of the following discussion use the < 63 pm 
fraction of the bedload as a proxy for total river load. It is recognised that 
this is an extrapolation, but it is appropriate for this preliminary investiga-
tion of average New Zealand fluvial particulate composition. 
4.3.3 Suspended Sediment- Transition Metals Lead 
Very few geochemical data exist for New Zealand river suspended load. 
Comparison of suspended sediment trace elemental concentrations to the 
data of Carey et al. (2002), which is sourced from the analysis of bulk bed-
load samples from many high-yield rivers in New Zealand, suggests that 
suspended sediment samples from this study contain higher concentrations 
("" 13-39%) of all analyzed metals except for Cr and Pb (Table 4.6). This 
is most likely the result of a coarse grain size dilution effect on the bedload 
samples of Carey et al. (2002). Overall, New Zealand particulates display 
similar concentrations to suspended sediments from Taiwan and PNG. Av-
erage Asian suspended sediments display higher concentrations, and other 
world particulates are even more enriched in transition metals, Cr and Pb. 
In light of the differences between HSI fluvial sediment composition and 
rest of the world, the data from this study was combined with geochemical 
and sediment yield data from a number of sources (Table 4.6) to recalulate 
average global fluvial particulate composition. In most cases, the uncor-
rected sediment yield estimates of Milliman and Syvitski (1992) were used 
rather than the 'natural' sediment yield estimates of Summerfield and 
ton (1994). The reasons for this are threefold: (1) To maintain consistency 
with the sediment yield data from New Zealand, which are not corrected for 
human modification of watersheds, (2) Non-anthropogenic denudation rates 
vary on geological time scales with climatic and tectonic cycles, rendering 
sediment yield estimates first-order approximations only, and (3) In many 
cases, the geochemical data reflect human influences. Therefore, the average 
geochemical compositions for HSI, Asian, and global river particulates pre-
sented in Table 4.6 represent a best estimate of the fluvial material currently 
reaching the global ocean. 
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Table 4.6: Suspended sediment transition metal concentrations from this 
study compared to other suspended sediment data from New Zealand, and 
Taiwan, coastal sediment from PNG, and the UCC. 
Source Location Yield (Mtly) Cu Zn Ni Mn Cr Co Pb 
This Study NZ 63.1(209)' 25 100 30 600* 59 12 18.4 
Carey et al. (2002) I NZ 17 70 26 366 68 8 21 
Taiwan (typhoon) (350)b 28 117 39 620 26 15 35 
Alongi et al. (1996) Papua New Guinea 115(1700)' 33 108 34 721 83 20 13 
This Study HSI Average (6600)' 31 109 34 694 72 19 17 
Carey et al. (2002) HSI Average 30 101 33 645 75 17 16 
Gaillardet et al. (1999)** Average Asia 1929'·'(6300)' 40 109 50 937 63 16 32 
Martin and Meybeck (1979) Non-Asia World 2174'(7100)' 210 346 91 989 153 32 106 
This Study World Average (20000)' 98 193 59 875 98 23 53 
Carey et al. (2002) World Average 84 179 62 831 102 21 NA 
Poulton and Raiswell (2000) World Average 110 217 77 922 116 23 NA 
Martin and Meybeck (1979)*** World Average 100 350 90 1050 100 20 150 
McLennan (200 1) ucc 25 71 44 600 83 17 17 
Martin and Whitfield (1981) !World Average Soil 30 90 50 1000 70 8 35 
Sediment yield values are reported for both the subset of rivers sampled to obtain geochemical data and for 
the region that they are extrapolated to represent (in parentheses). Ratios of extrapolated values are used in 
the calculation of average particulate matter composition. 
* < 63 mm bedload fraction 
** Gaillardet et al. (1999) +Ganges from Martin and Meybeck (1979) 
*** Mean values- not discharge weighted 
' Hicks and Shankar (2003) 
b Lyons et al. (2002) 
' Milliman (1992) 
' 33% (Lyons et al. 2002) of total river flux 
'Gaillardet et al. (1999) 
r Milliman and Syvitski (1979). 
'River yield proportions extrapolated to account for 67% of total flux (Asia 31.5%, non-Asian world 35.5%) 
h Hay (1998) 
Although the differences in elemental concentrations between this study 
and Carey et al. (2002) are readily apparent in direct comparison, they 
tend to become obscured in successive regional and global averages by the 
increased relative importance of other river particulates. Carey et al. (2002) 
calculated their global averages based on the assumption that their data 
from New Zealand, Taiwan, and PNG represented 33% of the global fluvial 
flux (the HSI flux: Lyons et al., 2002) and the remaining 67% could be 
summarised by the large river population of Poulton and Raiswell (2000). 
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This study takes a similar but slightly more complex approach to the global 
average composition calculation. Geochemical data were initially discharge-
weighted by region to calculate averages for New Zealand, Taiwan, PNG, 
Asia, and the rest of the world. These averages were then discharge-weighted 
by region and taken to represent 33% of global flux; the remaining 67%, 
however, was divided to better represent high sediment yield rivers of Asia 
(Gaillardet et al., 1999) and to provide a more complete non-Asian global 
river population (Martin and Meybeck, 1979) than the one used by Poulton 
and Raiswell (2000). These averages (HSI, Asian, and remaining world) were 
then taken as representative averages of the net flux of sediment from their 
respective geographic regions and discharge-weighted (Asia: 31.5%, rest of 
world: 35.5%) according to the sediment yield estimates of Hay (1998). This 
process results in average concentrations for HSI and Asian rivers that are 
much lower than the rest of the global population. 
The similarity between average transition metal concentrations and 
the UCC indicate that HSI sediments are less chemically weathered than 
other global river particulates. The metals under consideration for this study 
have low solubility in near-neutral waters and are therefore transported in 
most rivers almost exclusively in solid form (Martin and Meybeck, 1979). 
In large basins with low-relief hinterlands, sediment storage in floodplains 
and soil mantles results in long residence times (Gaillardet et al., 1999). 
In contrast, sediments are supplied to HSI rivers by frequent mass wasting 
events (Hovius et al., 1997, 2000) and are transported through the fluvial 
system relatively quickly, as evidenced by high sediment yields (Hicks and 
Shankar, 2003; Milliman and Syvitski, 1992). 
4.3 Bedload Sediment 
Suspended sediment calculations have been addressed separately from bed-
load sediments (except to display similarities and differences, Table 4.5, 
Fig. 4.5, 4.6), not only because their hydrological differentiation and segre-
gated treatment in most literature, but also because of the more complete 
suites of elemental data available for bedload (but not the transition met-
als or lead, which are fractionated during LA-ICPMS sample preparation, 
Chapter 2). However, a new determination of average elemental composi-
tion of river particulates from New Zealand may be made from a much wider 
range of New Zealand rivers if bedload sediment is used. addition, ap-
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proaching a geochemical budget from a bedload grain size perspective may 
circumvent other problems, such as the variability of suspended sediment 
concentrations and changing particle chemistry associated with variable en-
ergy flow (e.g. high flow vs. low flow: Carey et al., 2002). Therefore, these 
estimates can be considered first-order estimations of the major and trace 
element chemistry of New Zealand river suspended sediment. 
Average Composition- Major Elements 
Average discharge weighted major element concentrations for New Zealand 
bedload sediments are presented in Table 4.7 along with data for North 
America, the world, and the estimated composition of the UCC. New 
Zealand sand and coarse silt fractions display an inverse relationship be-
tween Si02 and all other major elements, which results from the dilution of 
coarse fraction minerals with quartz (e.g. Alban§de and Semhi, 1995). Al-
though these trends are obscured by source rock compositional variation in 
Figure 4.4, the trend is clear when New Zealand average grain size concentra-
tions are plotted (Fig. 4.7). The< 20 ~-tm fraction displays the lowest Si02 
concentrations along with lower concentrations of MnO, Na20, and P205 
in comparison to the < 63 /-till fraction. As a result, the < 20 ~-tm bedload 
fraction displays the greatest similarity to the suspended sediment major 
element data of Martin and Meybeck (1979). This suggests that there may 
be very little difference between New Zealand and global river particulate 
major element geochemistry. The differences revealed by this study result 
mainly from bedload grain size mixing between two distinct end-members: 
coarser quartz-rich sand and finer silt/clay size fraction dominated by mica, 
clay, oxyhydroxides, and heavy minerals, which are represented by elevated 
Al203, Fe203, K20, and Ti02 in finer fractions (Fig. 4.7). This suggests 
that the differences between New Zealand river particulates and the global 
population may partially result from the different grain-size distributions 
rather than a fundamental difference in average source material. 
Despite their general similarities to other world rivers, New Zealand river 
particulates have major element concentrations that are more similar to 
the UCC. Anthropogenic influences on the major element concentrations of 
fluvial particulates are minimal (e.g. Martin and Meybeck, 1979). Relatively 
low concentrations of elements expected to be retained in residual weathering 
products (e.g. Ti02, Fe203, MnO) in New Zealand river sediments support 
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Table 4.7: Average major element compositions of New Zealand river par-
ticulates, estimates of global average fluvial particulate composition, and 
the UCC. 
SiO, Ti02 Al20 3 Fe,O, MnO M!jO CaO Na,O K20 P,O, LOI Total 
New Zealand 
1 mm-355 !liD 76.51 0.45 10.25 3.19 0.05 1.20 1.99 1.98 1.70 0.10 2.50 99.93 
355-63 !liD 72.00 0.56 12.20 3.69 0.06 1.33 2.12 2.56 2.03 0.12 2.80 99.47 
< 63 !liD 69.65 0.64 13.43 4.00 0.06 1.37 2.18 3.05 2.05 0.18 2.79 99.41 
< 20 !liD 63.93 0.68 15.54 5.01 0.05 1.90 2.18 2.47 2.68 0.15 4.68 99.28 
World Averages 
This Study < 63 11m 63.83 0.84 16.33 5.92 0.11 1.76 2.74 1.64 2.29 0.24 
World' 60.97 0.93 17.76 6.86 0.14 1.96 3.01 0.95 2.41 0.27 
North Americab 56.19 NA 14.89 5.79 0.15 1.49 2.12 0.75 1.94 NA 
UCC' 65.89 0.68 15.19 5.00 0.08 2.21 4.2 3.90 3.37 0.16 
'Martin and Meybeck (1979) 
b Canfield (1997) 
'McLennan (2001) 
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Figure 4.7: Average major element concentrations vs. Al20 3 by grain size 
fraction in New Zealand river sediments. 
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the conclusion of Gaillardet et al. (1999) that there is an inverse relationship 
between the amount of sediment carried by a river and the extent to which 
it has been weathered. New Zealand rivers, which are characterised by 
watersheds with high physical weathering rates and large sediment fluxes, 
carry sediments that are less chemically weathered than the global average. 
Average Composition- Trace Elements 
New Zealand bedload sediment trace element data is presented along with 
selected data from PNG, Asia, the world, and the UCC in Table 4.8. As 
indicated in section 4.3.2, trace element concentrations increase with de-
creasing grain size in the the sand and < 63 f.LID fraction but the < 20 f.LID 
fraction is characterised by numerous elements with lower concentrations 
than the coarser silt fraction. particular, Zr and enrichment in the 
< 63 f.LID fraction reflect the high concentrations of zircon in silt size river 
sediment. The < 63 f.LID fraction displays the greatest similarity to PNG 
and Asian REE concentrations. 
4.3.5 New World Average Composition 
While the paucity of data for many major and trace elements from world 
rivers makes calculation of a new world average difficult, it has been at-
tempted using a similar approach to that described for trace metals in sec-
tion 4.3.3. In some cases, only a few rivers contribute to the world average, 
and in such cases, the data should be treated with appropriate caution. 
HSI's are represented by the data from this study and the Fly and Sepik 
rivers of Papua New Guinea (Sholkovitz et al., 1999). Asian rivers are rep-
resented by the data of Gaillardet et al. (1999) except for the Ganges, which 
is from Martin and Meybeck (1979). All other world rivers are from Martin 
and Meybeck (1979). 
Table 4.8 contains recalculations of global major element riverine sus-
pended sediment geochemistry assuming that the New Zealand average for 
the < 63 f.LID fraction can be used as a proxy for all HSis (33% of the global 
fluvial flux); the remaining 67% is derived from the data of Martin and Mey-
beck (1979). The< 63 /-LID fraction average is preferred to the< 20 pm frac-
tion for this calculation because it includes a greater subset of New Zealand 
rivers. This results in a global average with slightly higher Si02 and Na20 
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Table 4.8: Trace element concentrations of New Zealand bedload sediment 
size fractions, global river suspended particulates, and the UCC. New aver-
age global compositions are calculated using the < 63 J-tm fraction of New 
Zealand bedload. * indicates that calculations for a given element are cal-
culated using only Asian or non-Asian river populations. 
New Zealand Bedload by Grain Size HSI Asian Non-Asian Old World New World 
lmm-355flJ!l 355t-tm-63f!.m < 63ftm < 20ftm Average' Average' World' Averaged Averagee UCC' 
Sc 11.6 12.8 14.2 15.1 14.2 18.53 18 *15.1 13.6 
Ga 11.7 13.3 14.3 17.4 14.3 18.7 21.4 25 18.2 17 
Rb 59 66 68 95 68 97 123 100 97 112 
Sr 181 221 265 219 265 171 264 150 235 350 
y 14.9 17.4 24.3 22.3 24 23.6 *23.8 22 
Zr 128 184 536 174 536 111 165 270 190 
Nb 7.2 8.3 9.5 10.4 9.5 13.9 *12.4 12 
Mo 0.99 0.95 1.06 1.14 1.06 1.47 3 *1.33 1.5 
Cs 2.83 2.88 3.07 4.87 3.07 9.33 11.32 6 7.97 4.6 
Ba 493 507 509 610 509 499 645 600 554 550 
La 17.8 21.8 27.4 25.0 21.4 22.1 39 45.8 45 37.6 30 
Ce 35.5 43.9 55.5 51.8 59 59 81.7 109 95 83 64 
Pr 4.04 4.92 6.26 5.80 6.26 9.04 8 *8.12 7.1 
Nd 16.4 19.8 25.5 23.7 28.5 28.2 37.2 47.5 35 37.0 26 
Sm 3.40 4.03 5.22 4.91 12.1 11.3 7.29 9.1 7 7.3 4.5 
Eu 0.81 0.86 1.07 1.02 1.24 1.22 1.34 1.74 1.5 1.39 0.9 
Gd 3.04 3.57 4.68 4.47 5.56 5.46 5.48 2.5 5 4.16 3.8 
Dy 2.65 3.14 4.24 4.04 4.6 4.56 4.72 *4.56 3.5 
Ho 0.56 0.64 0.91 0.84 0.91 0.934 1 *0.92 0.8 
Er 1.53 1.79 2.54 2.32 2.7 2.68 2.61 3 *2.59 2.3 
Yb 1.62 1.85 2.73 2.33 2.63 2.64 2.62 3.70 3.5 3.04 2.2 
Lu 0.25 0.29 0.45 0.37 0.37 0.38 0.4 0.59 0.5 0.48 0.3 
Hf 3.32 4.69 13.21 4.70 13.2 4.56 6.30 6 8.03 5.8 
Ta 0.58 0.68 0.82 0.85 0.82 1.12 1.92 1.25 1.30 1.0 
Tb 7.3 9.1 11.7 11.9 11.7 14.9 13.1 14 13.2 10.7 
u 1.61 1.86 2.84 2.38 2.84 3.09 2.73 3 2.88 2.8 
'Fly + Sepik; Sholkovitz et al. (1999) 
'This study using < 63 ftm fraction of NZ bedload 
'Gaillardet et a!. (1999) 
'Martin and Meybeck (1979) 
' Calculated using regional sediment yield values for HSI's, Asia, and remaining world. HSI's account for 33.0% of global 
yield; Asian rivers represent 31.5%, and the remaining world population contributes 35.5% (Hay, 1998). Where appliable 
HSI compositions are discharge weighted between New Zealand (209 Mt/yr) and PNG (1700 Mt/yr) (Milliman, 1995). 
'McLennan (2001) 
than previous estimates; all other major elements are slightly lower. Asian 
major element data is lacking from this calculation, however, given the sim-
ilarity between the trace element concentrations of New Zealand and Asian 
river particulates (Tables 4.6, 4.8), it is likely that the future addition of 
Asian major element data will move the world average fluvial particulate 
composition further toward UCC values. 
The trace element concentrations of New Zealand rivers suggest that the 
previous calculations of global average sediment composition (Martin and 
Meybeck, 1979) are high for most elements. Recalculation of the average to 
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reflect HSI's and the influence of Asian rivers causes a shift in concentration 
of most trace elements towards the UCC (Table 4.8). 
4.3.6 Ratios 
While absolute elemental concentrations are useful in identifying geographi-
cal patterns of elemental transport, flux ratios derived for each element (e.g. 
Martin and Meybeck, 1979) can provide additional insights into the rela-
tive influences of natural sources (i.e. lithology), pollution, and weathering. 
The flux ratio (FR) relates the observed flux to the theoretical flux calcu-
lated from surficial rock (Martin and· Meybeck, 1979) or soil (Poulton and 
Raiswell, 2000, 2002), assuming that land erosion is the only source of river 
particulates. The theoretical flux is usually based on the concentration ratio 
between Al in suspended matter to Al in surface rock because Al generally 
behaves conservatively during weathering and is not a significant pollutant 
on a global scale. The theoretical flux for element x, <f>~h' then becomes: 
<f>X _ [x]sMpm[Al)pm 
th- [Al]s (4.1) 
where [x]s is the average concentration of element x in surficial fresh rock 
(from McLennan, 2001), [Al]pm is the average concentration of Al in river 
suspended matter (8.64% for this study and 9.4% for Martin and Meybeck, 
1979), [Al]s is the concentration of Al in surficial fresh rock, and Mpm is the 
annual river particulate discharge to the ocean (20,000 Mt; Hay, 1998). The 
"observed" flux for element x is represented by: 
( 4.2) 
where [x]sol is the average dissolved concentration of the element in rivers 
(Martin and Meybeck, 1979), Q is the annual river water discharge to the 
ocean (37,400 km2 ; Baumgartner and Reichel, 1975), and [x)pm is the average 
concentration of element x in river particulate matter (from this study). 
Dissolved fluxes are included in the calculation in order to account for the 
variable solubilities of different elements. The flux ratio is then represented 
by: 
(4.3) 
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In order to maintain consistency with recent studies (Carey et al., 2002; 
Poulton and Raiswell, 2000), flux ratios for transition metals and lead in 
suspended sediments have been calculated relative to world average soil 
concentrations (Martin and Whitfield, 1983) rather than surficial rocks. In 
contrast, bedload-derived elemental flux ratios are calculated using the es-
timates of surficial fresh rock composition (McLennan, 2001). Because of 
the considerable uncertainty associated with the calculation of world average 
surface rock and/ or soil compositions, as well as that of world average fluvial 
particulate compositions, flux ratios between 0.7 and 1.5 are not considered 
significantly different from unity (Martin and Meybeck, 1979). For tran-
sition metals in suspended sediment, flux ratios are calculated (Table 4.9) 
using the discharge weighted total transition metal concentrations of world 
particulates from Table 4.6; major and trace element flux ratios based on 
new world average compositions from Tables 4. 7 and 4.8 are also presented 
(Table 4.10). 
Transition Metals: Suspended Sediments 
The fluvial transport of transition metals in the global river system has 
received recent attention, with the global large river population documented 
by Poulton and Raiswell (2000) and the influence ofHSI's described by Carey 
et al. (2002). 
With the exception of Cr, the flux ratios of transition metals calculated 
in this study are higher than those of Carey et al. (2002), reflecting both 
the higher measured concentrations of transition metals in suspended load 
relative to bedload, and the incorporation of Asian particulate elemental 
concentrations of Gaillardet et al. (1999) and Martin and Meybeck (1979) 
into the global calculation. However, the observed flux ratios calculated in 
this study for Ni and Cr are essentially unity, supporting the suggestion 
of Carey et al. (2002) that there is no discrepancy between observed and 
theoretical fluxes, rather than the slight excesses observed by Poulton and 
Raiswell (2000). Elevated observed fluxes of Cu and Zn, and Co and a lower 
observed flux of Mn relative to theoretical fluxes are in agreement with pre-
vious studies (Carey et al., 2002; Martin and Meybeck, 1979; Poulton and 
Raiswell, 2000). In particular, the high flux ratio of Co contrasts with the 
lower flux ratio determined by Martin and Meybeck (1979), suggesting pos-
sible global pollution. Although Poulton and Raiswell (2000) suggest that 
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elevated Co flux ratios result from anthropogenic influence, the flux ratios 
of Martin and Meybeck (1979) are calculated relative to average surficial 
fresh rock (Co = 17 ppm) rather than average soil (Co = 8 ppm). Thus, 
the discrepancy between the flux ratios may result from an underestimation 
of the average Co concentration in world soils or an overestimation in aver-
age UCC. Phase association data of Poulton and Raiswell (2000) suggests 
that a significant proportion (30%) of Co in world river suspended sedi-
ments is sequestered in dithionite-soluble phases (hydroxide coatings and 
adsorbed ions). Because of this, they suggest that Co may be influenced by 
anthropogenic inputs on a global scale. However, the data from this study 
demonstrate that the high flux ratio for Co is preserved despite the inclu-
sion of relatively 'pristine' HSI river environments in the calculation and 
that the discrepancy between Martin and Meybeck (1979) and subsequent 
studies can not be resolved until the average compositions of the UCC and 
global soils are more accurately constrained. 
The direct agreement between flux ratios from Poulton and Raiswell 
(2000) and this study, which contains a large subset of relatively unpolluted 
rivers, suggests that the high flux ratio for Co is more likely the result of 
poorly quantified global soil Co concentrations rather than pollution. 
These results support the conclusion of Carey et al. (2002) that previous 
studies of fluvial metal transport that overlook HSI's significantly overes-
timate fluxes of transition metals and lead to the world's ocean; however, 
the low flux estimates of Carey et al. (2002), should be modified to reflect 
the increased concentrations of metals in suspended load relative to bedload 
before comparison to other global averages. 
Major and Trace Elements: Bedload < 63 p,m Fraction 
Observed and theoretical fluxes are balanced (0.7 < FR < 1.5) for all major 
elements (Table 4.10). Flux ratios using the world river data of Martin and 
Meybeck (1979) were recalculated using the more recent UCC composition 
of Martin and Meybeck (1979). The low flux ratios of Na and K recalculated 
for the data of Martin and Meybeck (1979) differ from those author's original 
flux ratios; this discrepancy results from different estimates of the average 
composition of surficial rock exposed to weathering. Otherwise, the two 
calculations display good agreement for most elements, although the results 
of this study tend to agree with theoretical fluxes to a greater extent. 
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Table 4.9: Elemental loads (Mtjyr) and flux ratios for transition metals and 
lead. 
Cu Zn Ni Mn Cr Co Pb 
River particulate load (this study) 1.96 3.86 1.18 17.5 1.96 0.46 0.37 
River dissolved load• 0.06 0.02 0.02 0.32 0.04 0.004 0.04b 
Total "observed" load 2.02 3.88 1.2 17.82 2.00 0.46 0.41b 
Theoretical load 0.79 2.38 1.32 26.5 1.85 0.21 0.33b 
Flux Ratio (this study) 2.56 1.63 0.91 0.67 1.08 2.19 1.24 
Previous Flux Ratio Calculations 
Carey et al. (2002) 2.15 1.49 0.95 0.62 1.10 1.92 NA 
Poulton and Raiswell (2000) 2.86 1.83 1.18 0.71 1.28 2.19 2.0b 
Martin and Meybeck (1979) 2.8 2.3 1.4 1.1 1.0 1.15 2.5 
a Poulton and Raiswell (2000) 
b Martin and Meybeck (1979) 
Balanced fluxes and good agreement with the values of Martin and Mey-
beck (1979) are also observed for all trace elements except Cs and Mo. For 
elements with balanced fluxes, if Al has reached a steady state during erosion 
and transport processes, then these elements must also have reached steady 
state and have no significant input from sources other than source rocks (i.e 
no pollution, volcanic dust, aerosols etc.). The flux ratio for Mo (1.4) con-
trasts with that of Martin and Meybeck (1979) (2.24) and suggests that Mo 
fluxes are more closely balanced than previously calculated. It is possible 
that Mo has a pollutant contribution on a global scale but that the pollution 
'signature' is diluted in this study by the relatively clean river sediments of 
Asia and the South Pacific Islands. Both Mo and Sr flux calculations may 
also be influenced by uncertainties in global soluble fluvial fluxes. Given 
the uncertainty of the boundary between balanced and unbalanced fluxes 
(1.5), the discrepancy may also be an artifact resulting from inaccurate rep-
resentation of surficial rock composition. Likewise, the slightly elevated Cs 
flux ratio from this study (1.63) seems unlikely to represent anthropogenic 
influence in the absence of any other elevated flux ratios. 
4.3. 7 Differences Global River 
Although the global flux ratios from this study agree well with previous esti-
mates (Martin and Meybeck, 1979), there are significant differences between 
the concentrations of many trace elements in and Asian rivers compared 
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Table 4.10: Major and trace element flux ratios derived from this study 
and recalculated flux ratios derived from the data of (Martin and Meybeck, 
1979). 
This Study Martin and 
Meybeck* 
Si 0.93 0.82 
Ti 1.15 1.17 
Al 1.00 1.00 
Fe 1.10 1.17 
Mn 1.30 1.52 
Mg 1.24 1.22 
Ca 1.45 1.39 
Na 1.00 0.49 
K 0.80 0.69 
Sc 1.03 1.13 
Ga 1.00 1.27 
Rb 0.83 0.79 
Sr 0.92 0.64 
Mo 1.40 2.24 
Cs 1.63 1.13 
Ba 1.13 1.11 
La 1.17 1.29 
Ce 1.21 1.27 
Pr 1.07 0.97 
Nd 1.33 1.15 
Sm !.50 1.33 
Eu 1.47 1.46 
Gd 1.02 1.13 
Ho 1.07 1.07 
Er 1.05 1.12 
Yb 1.29 1.36 
Lu 1.41 1.34 
Th 1.16 1.13 
u 0.98 0.94 
* recalculated from Martin and 
Meybeck (1979) using average UCC 
composition estimates of McLennan 
(2001) and total sediment yield of 
20,000 Mt (Hay, 1998) 
to the rest of the global river population (Tables 4.6, 4.7, 4.8). Given the 
importance of a few high-yield rivers in the calculations of this study (such 
as the Huanghe in China and the Waiapu in New Zealand), the differences 
between the average composition of HSI and Asian particulates from the 
rest of the global population may be attributed to one of several factors: {1} 
Differences between rock compositions of the source areas for these rivers 
as compared to the large portions of the UCC represented by the HSI and 
non-Asian global river population, (2) Enhanced anthropogenic pollution of 
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non-Asian world rivers, and (3) Differential weathering between HSI, Asian, 
and non-Asian world rivers. The magnitude and effects of these different 
factors are considered below. 
Source Composition 
Variations in average rock compositions for HSI's, Asian, and world rivers 
are unlikely to be the cause of the elevated concentrations of many trace el-
ements in world rivers, since HSI and Asian rivers display closer agreement 
with UCC values than do other world river particulates. This suggests that 
other world river particulates must either be undergoing greater elemental 
fractionation or have atypical additional sediment sources (since the global 
river population ultimately erodes the UCC). However, the high sediment 
yield rivers used to calculate New Zealand average sediment composition are 
not always characterised by the largest watersheds and therefore are not nec-
essarily the best representation of average New Zealand continental crust. In 
fact, as observed by Milliman and Syvitski (1992), high sediment yield rivers 
tend to have short, steep catchments. that are not areally extensive. This is 
particularly true on the North Island, where areally extensive volcanic and 
associated intrusive rocks are underrepresented on a flux weighted basis. A 
similar situation occurs with Huanghe particulates (Gaillardet et al., 1999), 
90% of which are derived from the Chinese Loess Plateau in the central 
reaches of the river (Huang and Zhang, 1990). However, UCC composition 
estimates often include loess data because of its similarity to the UCC (e.g. 
McLennan, 2001). 
These local influences suggest that at least some of the difference be-
tween HSI, Asian, and world river particulates is due to underlying bedrock 
compositional variations. Comparison to bulk rock analyses of New Zealand 
schists and greywackes similar to those that underlie the basins from this 
study (Christianson, 1999; Roser and Cooper, 1990) suggests that river sus-
pended sediment and bedrock compositions are very similar; likewise, the 
suspended sediments of the Huanghe are nearly identical to parent loess 
(Zhang et al., 1990, 1994). However, the similarities between the flux ratios 
for almost all elements suggest that the easily erodable sources of sediment to 
the high yield rivers of Asia (loess- Huanghe) and New Zealand (mudstone-
Waiapu) are by nature similar to average UCC. 
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The New Zealand rivers sampled for this study are relatively unpolluted by 
global standards. In particular, the high sediment yield rivers drain regions 
of New Zealand mostly devoid of human influence or infrastructure. There-
fore, there is unlikely to be anthropogenic input of transition metals or lead. 
Comparison between river sediment element concentrations and world aver-
age soil composition via flux ratios supports this hypothesis (Table 4.9, 4.10). 
The sediment yield of the Fly River (PNG) has been augmented by "'25% 
because of mining activities on one of its tributaries (Harris et al., 1993; Sa-
lomons and Eagle, 1990), but its influence on sediment geochemistry is not 
reflected in high concentrations of metals relative to other world rivers or 
the UCC (Table 4.6). Asian rivers display a wide range of human influence, 
from the Huanghe, which is considered one of the least polluted large rivers 
of the world (Zhang et al., 1990) to the Ganges, which displays evidence 
for significant pollutant contribution (Poulton and Raiswell, 2000). Poul-
ton and Raiswell (2000) concluded that Zn and Co were the only elements 
that displayed pollutant contributions to river particulates on a global scale; 
the mixing of relatively unpolluted New Zealand river particulates combines 
with similar rivers from other HSI's and Asia to moderate the higher con-
centrations of these elements found in other world rivers. 
Differential Weathering 
On the basis of data from large world rivers, Gaillardet et al. (1999) identi-
fied an inverse correlation between weathering intensity and the volume of 
transported sediments. This correlation was first identified by McLennan 
(1993) in comparisons the chemical index of alteration (CIA: Nesbitt and 
Young, 1982) from a smaller global river population. Both studies support 
the hypothesis that high physical erosion rates result in weaker chemical 
weathering through the minimization of water-rock interactions. Thus, de-
spite higher runoff associated with orogenic belts, high rates of physical 
erosion prevent advanced stages of weathering that would otherwise be as-
sociated with high runoff. For example, more advanced chemical weathering 
results in higher Mn concentrations in sediment because of the loss of more 
soluble elements such as Na, Ca, Mg, K, and Si (Canfield, 1997). Thus, 
it would appear that rivers are less chemically weathered than other 
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world rivers. This helps to account for the difference in Cu concentrations 
between HSI's and the rest of the world. Geochemical fractionation of Cu 
in the soil column has been invoked to explain its elevated concentrations 
in fluvial suspended sediment relative to average surficial sediment (Poulton 
and Raiswell, 2000); the short residence time of sediment in the terrestrial 
environment of HSI's results in Cu values more similar to average surficial 
sediment. issue of chemical weathering is discussed in greater detail in 
the following section. 
4.4 Chemical Weathering Signatures 
4.4.1 Suspended 
In comparison to the dissolved load of rivers, the geochemistry of river par-
ticulates and the information that they contain concerning weathering has 
received less attention in the literature (Canfield, 1997; Gaillardet et al., 
1995, 1999; Martin and Meybeck, 1979; McLennan, 1993; Stallard, 1995). 
In particular, little is known about New Zealand fluvial particulates. New 
Zealand spans a wide range of climatic conditions, from the subtropical 
lowlands of the North Island to high alpine environments of the Southern 
Alps. Physical weathering rates are relatively high, but specific sediment 
yields vary by over two orders of magnitude, from< 50 to> 5000 t/km2 jyr 
(Hicks and Shankar, 2003). The following sections address the question: do 
New Zealand river particulates display a chemical weathering signature? 
Earth Elements 
On the basis of REE patterns from the sediment of the Cropp River ( trib-
utary of the Hokitika: West Coast, South Island), Nezat et al. (1999) sug-
gested that the low concentrations of REEs relative to Amazon sediments 
were caused by the short residence time of particulates within the New 
Zealand fluvial system. As residual products of weathering, the concen-
tration of REEs is likely to reflect intensity of weathering (Goldstein and 
Jacobsen, 1988). However, if New Zealand rivers are such efficient sediment 
'chutes' (as suggested by data in Chapter 3), it is likely that the dominant 
control on the REE concentrations of river sediments is inherited from their 
parent rock rather than weathering process within the catchment itself. 
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Figure 4.8 compares the DCC normalised patterns of suspended 
sediments from the major sediment yielding rivers of New Zealand. All rivers 
display MREE enrichment and strong positive Eu anomalies. REE concen-
trations are systematically lower than other world and HSI suspended sed-
iments, while MREE enrichments and positive Eu anomalies are more pro-
nounced. Similar depletions ofHREE have been observed in river, estuarine, 
and shelf sediments (Sholkovitz, 1990) and reflect the preferential settling 
of HREE-enriched heavy minerals into bedload silts and sands (Sholkovitz 
et al., 1999). HREE depletion is particularly pronounced in rivers drain-
ing the Western Southern Alps (Fox and Waiho); these low concentrations 
coincide with very low concentrations of Zr and Hf in the suspended load 
and contrast with the high concentrations of Zr, Hf, and in the silt 
fraction of bedload (see below). This is complementary evidence for these-
questration of in Zr and Hf bearing heavy mineral phases, the most 
important of which is likely zircon (Taylor and McLennan, 1985), although 
garnet is another likely possibility considering the garnet-oligoclase zone 
schist source rocks for the Fox and Waiho rivers. Strong positive Eu anoma-
lies may result from high feldspar concentrations in New Zealand suspended 
loads, but this is not evidence for an absence of feldspar dissolution with 
weathering since New Zealand rivers are still MREE and Eu depleted relative 
to most world rivers. Full REE data are not available for the source rocks of 
New Zealand rivers; the direct comparison of REE patterns to parent source 
rocks is therefore impossible. However restricted data for the LREE (La, Ce, 
Nd) of source rocks (Cox, 1993; Roser and Cooper, 1990) suggests that their 
average concentrations are very similar to suspended sediment (Table 4.11). 
From these comparisons, it is apparent that the REE concentrations of sus-
pended sediments from the high yield rivers of New Zealand are essentially 
the same as their source rocks. Thus, under high physical erosion rates, REE 
concentrations display limited resolution of degree of chemical weathering. 
However, the REE data suggests that Nezat et al. (1999) may be right: 
the short residence time of sediment within high-yield New Zealand rivers 
prevents the residual concentration of REE that is seen in many other world 
river particulates subject to more chemical weathering. is import ant to 
note that the REE concentrations of source rocks must be taken into con-
sideration before the effects of weathering can be separated from that of 





























-·'Jr· Sepik Bed 
Pr Nd Sm Eu Gd Dy Ho Er Yb Lu 
Figure 4.8: UCC normalised REE patterns for New Zealand suspended sed-
iment and other world rivers. Fly, Sepik: Sholkovitz et al., 1999; Amazon: 
Gaillardet et al., 1997; Congo: Dupre et al., 1996; Huanghe, Mackenzie: 
Gaillardet et al., 1999. 
Weathering Indices 
In order to further constrain the effects of chemical weathering on New 
Zealand sediments, weathering indices have been employed. Numerous in-
dices have been proposed to assess weathering intensity (see Price and Vel-
bel, 2003); the Chemical Index of Alteration (CIA: Nesbitt and Young, 1982) 
is most often cited, but it requires that Ca data be expressed carbonate and 
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Table 4.11: Comparison of La, Ce, and Nd concentrations from river sedi-














phosphate-free to isolate the signature of silicate weathering. The variable 
dilution of river sediments with calcite depends on source lithology and 
the crystallization of secondary carbonate from solution; these effects can 
not be constrained for the wide range of lithologies that New Zealand rivers 
drain, and carbon analyses have not been performed. Consideration of UCC 
normalised elemental concentrations for wider range of major and trace ele-
ments provides an alternative to the CIA; as Figure 4.9 demonstrates, world 
rivers display significant depletion of mobile elements relative to the UCC 
(as well as Zr and preferentially sequestered in bedload heavy minerals). 
New Zealand rivers have less variable patterns, with little or no depletion 
of any elements except Sr in North Island rivers and Zr and Hf in South 
Island rivers. The slight depletion of Zr and in in New Zealand rivers is 
consistant with other world rivers, and the further Zr and depletion of 
the Waiho and Fox rivers is consistant with low concentrations of HREE in 
these samples. From the peaks and valleys of Figure 4.9, (Gaillardet et al., 
1999) developed several weathering indices that compare the concentration 
of a mobile element to that of an immobile element of similar magmatic 
compatibility in order to minimise the uncertainty associated with UCC 
composition: 
aMg = [AljMg]sed/[AljMg]ucc (4.4) 
aca = [TijCa]sed/[TijCa]ucc (4.5) 
aNa= [SmjNa]sed/[SmjNa]ucc (4.6) 
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Figure 4.9: UCC normalised abundances of trace elements in suspended 
sediments from New Zealand and the world. Amazon: Gaillardet et al., 1997; 
Congo: Dupre et al., 1996; Huange, Mackenzie, Mekong: Gaillardet et al., 
1999. Elements are organised on the X-axis to obtain monotonic decrease 
of UCC abundances when normalised to the Primitive Mantle (Hofmann, 
1988; Taylor and McLennan, 1985). 
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C<K = [Thj K]sed/[Thj K]ucc (4.7) 
C<sr = [NdjSr]sed/[NdjSr]ucc (4.8) 
C<Ba = [ThjBa]sed/[ThjBa]ucc (4.9) 
Although the aca index is subject to the same effects of calcite dilution 
as the CIA, Gaillardet et al. (1999) find significant correlations between 
the other weathering indices. For the suspended sediments analyzed in this 
study, only the asr and C<Ba can be utilised. If there is no net chemical 
weathering, O<i = 1; elemental depletion relative to the UCC or normalis-
ing parent material results in positive ai values while enrichment produces 
negative values. 
Since large world rivers drain correspondingly large portions of continen-
tal crust, normalisation to UCC values effectively generates enrichment or 
depletion factors for river sediment vs. surficial rock. Because New Zealand 
rivers with the highest sediment yields drain relatively small areas with one 
or two dominant lithologies, this direct comparison may not be valid. In 
order to document differences between these local lithologies and the UCC, 
suites of unweathered whole rock samples from throughout New Zealand 
have also been normalised to the UCC for comparison. This method is pre-
ferred over normalisation of river sediments to 'average' source rock litholo-
gies, which may smooth or obscure the range of compositions of source rocks 
as well as hindering comparison to the UCC normalised weathering indices 
from other world rivers (Gaillardet et al., 1999). Towards this end, geochem-
ical data was collected from the literature and the New Zealand Geological 
and Nuclear Sciences (GNS) rock database (GNS, 2004). For West Coast 
schist (Fox and Waiho rivers), the data of Roser and Cooper (1990) were 
used; Torlesse greywacke of the Waiau E watershed is represented by South 
Island greywackes analyzed by Cox (1993). Limited data are available for 
East Cape source rocks (Waiapu, Hikuwai, and Waipaoa rivers) but the trace 
element data of Leverenz (1999) on Torlesse greywakes from the Ruakumara 
Range (East Cape) have C<Ba indices between 0.53 and 1.17 (average= .90), 
suggesting that the source rocks for this region have similar compositions to 
South Island Torlesse Supergroup rocks ( asr could not be computed because 
of the absence of N d data). 
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Correlation between river sediment and parent source rock weathering 
indices in New Zealand suggest that the river suspended particulates from 
high yield regions are essentially unweathered and reflect the signature of 
their source rock lithologies, which are also similar to the UCC (Fig. 4.10). 
The Ba enrichment observed in some world rivers is hypothesised to reflect 
local source rock enrichment or the secondary accumulation of Ba in sedi-
ments (Gaillardet et al., 1999); in the case of New Zealand river sediments, 
CXBa ratios of < 1 are observed in unweathered schists and greywackes of 
the South Island (Roser and Cooper, 1990) and in the sand/siltstones of the 
East Cape. Since metamorphosed sedimentary rocks constitute significant 
parts of orogenic belts throughout the world, it is possible that this enrich-
ment results from an underestimation of the average composition of surficial 
rocks effectively exposed to weathering. Secondary accumulation of Ba in 
sediments is therefore unnecessary to account for the low values of this index 
on the New Zealand microcontinent. Only the Waiho and Fox river sedi-
ments display slight asr weathering indices < 1. The suspended sediment 
samples for these rivers were taken near the mouth of the rivers, but these 
are only ""'5-10 km from the termini of the glaciers that generate them. The 
high physical erosion rates associated with glacial action have been invoked 
to explain weak chemical weathering trends in glacially derived sediments 
relative to non-glacial suspended particulates (Poulton and Raiswell, 2002). 
The correlation between weathering indices of New Zealand suspended 
sediments and their source rocks suggests that the effects of chemical weath-
ering in high-yield river systems can not be distinguished from variations in 
source rock chemistry. Thus, the correlation between suspended sediment 
yield (TSM) and degree of chemical weathering (Gaillardet et al., 1999) 
of river particulates does not hold at high physical denudations rates like 
those of New Zealand. This has interesting implications for the interpreta-
tion of large river systems where sediments are derived from a number of 
sources, including mountainous areas with high erosion rates (e.g. Amazon, 
Ganges-Brahmaputra) or are derived from a few dominant lithologies (e.g. 
Huanghe loess). In these systems, the mixing of sediment sources with dif-
ferent chemical weathering signatures results in overall depletion of mobile 
elements relative to the UCC. The significant scatter of weathering indices 
relative to controlling parameters such as physical denudation and climate is 
at least partially accounted for by the proportionality of this mixing, which 
is rarely accounted for. 
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4.4.2 Bedload 
Rare Earth Elements 
On average, REE concentrations in bedload sediments from New Zealand 
are similar to suspended sediments from New Zealand rivers (Fig. 4.11). 
DCC-normalised patterns for discharge-weighted average grain size composi-
tions display parallel MREE enriched patterns except for < 63 p,m fractions, 
which have stronger HREE enrichment. Increases in total REE and 
enrichment with decreasing grain size result in the depletion of positive Eu 
anomalies, from 1.18 in the 1 mm-355 p,m fraction to 1.02 in the < 20 p,m 
fraction. These relationships suggest that heavy minerals and plagioclase 
dominate REE concentrations, with plagioclase concentrations decreasing 
relative to heavy minerals with decreasing grain size. The overall enrich-
ment of REE with decreasing grain size in all but the < 20 p,m fractions 
reflects increased concentrations of heavy minerals, particularly zircon, as 
indicated by the increased HREE/LREE ratio of the< 63 p,m fraction (e.g. 
Taylor and McLennan, 1985). The apparent agreement between bedload 
sand size fraction and suspended sediment REE concentrations is likely the 
result of increased quartz concentrations in the sand fractions rather than 
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Figure 4.10: asr vs. aBa for New Zealand river suspended sediments, parent 
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Figure 4.11: UCC-normalised discharge-weighted average REE concentra-
tions of New Zealand bedload grain size fractions. Shaded area denotes 
the range of concentrations found in suspended sediments from New 
Zealand rivers. 
Weathering Indices 
In accord with suspended sediments from New Zealand rivers, bedload sed-
iments are characterised by the lack of a chemical weathering signature. 
Major and trace element concentrations from the < 63 J-Lm fraction of bed-
load from selected New Zealand rivers are normalised to UCC elemental 
abundances in Figure 4.12. Most notably, the silts display enrichment in 
Zr and Hf, reflecting elevated zircon abundance in this grain size fraction. 
Unlike other world rivers, New Zealand sediments are not characterised by 
similar magnitude depletions inK, Ba, Sr, and Na (Fig. 4.12). 
In agreement with local weathering studies on Ba, Na, and K (Gislason 
et al., 1996; Nesbitt et al., 1980), the large rivers of the world display de-
creasing mobility in the order Na > K > Ba (Gaillardet et al., 1999). This 
results in a world river population with greatest variability in a-Na (1-25), 
followed by a-K (1-4.5), and a-Ba (0.5-4). Comparison of these weather-
ing indices for New Zealand rivers suggests that the dominant control of Ba 
and N a concentrations in bedload sediments is unrelated to degree of chem-
ical weathering because both ax and aBa display a relatively wide range 
4.4 Chemical Weathering Signatures 99 
10 ,-------------------------------------------------------------------, 




- ¥Wairoa O.JL ...... , ........................................... , ......... , .................. , ......... , .......... , ................... , ................. , ..... , .................................................... , ................... , .............. , .......... ; 
~ 
8 
North Island west Coast 
- ~ Whanganul 
·~~waitara 
- AWalkato 
10T_. ................................................................................................................................................................................................................................................................................. , 
South Island East Coast 







-- K Mataura 
Selected 
-Amazon 0.1 + ................................................................................................................................................................. IJ! ............................................................................. _ ·congo 
-Seine 
- ~ Huanghe 
0.01 .. t., ........ , ........... , ......... , ................... , ......... , ........ , .................... , ...................................................... , ...................... , ..................... , .................. , ..................... , .................... , ............................................................ ; 
~~UThKM~~~~~~~~~~~~~~Y&Th~~MTI~Q~~ 
Figure 4.12: UCC normalised major and trace element abundances in bed-
load sediments from New Zealand (organised by region) and suspended sed-
iments from selected world rivers. Elements are organised on the X-axis 
to obtain monotonic decrease of UCC abundances when normalised to the 
Primitive Mantle (Hofmann, 1988; Taylor and McLennan, 1985). Selected 
world rivers from Martin and Meybeck (1979) and Gaillardet et al. (1999). 
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Figure 4.13: Relationships between CiNa, CiBa, and CiK for New Zealand river 
bedload sediments ( < 63 p,m) and selected world rivers (Gaillardet et al., 
1999). 
of values that do not correspond proportionally to the elevated CiNa ratios 
observed in other world rivers (Fig. 4.13). Rather, the linear relationships 
between the three weathering indices appear to be controlled by the primary 
mineralogy of New Zealand parent rocks rather than weathering profile or 
soil-derived alteration products. This conclusion is complementary to that 
of Chapter 3, which suggested that Clutha river sediments are weakly chem-
ically weathered, and indicates that physical erosion rates in the river basins 
sampled for this study are high enough to minimise the chemical alteration 
of rocks during erosion and fluvial transport. 
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4.5 Conclusions 
• Analyses of suspended particulates from the highest sediment-yielding 
rivers of New Zealand fill an important gap in data used for global 
average fluvial particulate compositions calculations. Suspended sed-
iments derived display transition metal and lead concentrations sim-
ilar to estimates of the UCC. These elemental abundances are much 
lower than most large world river particulates and more similar to 
high-yield rivers draining Asia. These results support the conclusion 
of Carey et al. (2002) that previous studies of fluvial metal transport 
that overlook HSis significantly overestimate transition metal and lead 
fluxes to the world's ocean; however, the low flux estimates of Carey 
et al. (2002) should be modified to reflect the increased concentrations 
of metals in suspended load relative to bedload before comparison to 
other global averages. In addition, accurate quantification of high-
yield Asian rivers is equally important in the calculation. 
• Recalculated flux estimates for major and trace elements indicate that 
observed fluxes for a global river population including New Zealand 
rivers (33% total global flux), Asian rivers (31.5%) and other world 
rivers (35.5%) are in agreement with theoretical values except for Cs. 
The Cs discrepancy is most likely the result of poorly-quantified esti-
mates of UCC composition rather than a global pollution or weather-
ing fractionation signature. 
• Grain size is a fundamental control on both major and trace element 
geochemistry of New Zealand fluvial sediments. As a first approxi-
mation, the use of the < 63 J.Lm of bedload is adequate for average 
global fluvial particulate calculations. This allows for the inclusion of 
a larger population of New Zealand rivers and the interpretation of 
a full range of major and trace elements. The greatest uncertainty 
associated with fluvial particulate 'average' compositions relates to 
the partitioning of sediment between suspended and bedload and ulti-
mately to the average grain size distribution of sediments discharged 
from the river mouth. In large world rivers, coarse grained bedload 
transport is generally small, but the rivers of New Zealand (and other 
HSis) likely carry a greater proportion of total sediment yield as sand-
size bedload. 
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• New Zealand fluvial particulates are among the least weathered in the 
world, with little discernable difference from average source rock com-
positions. It is possible that the input of locally-derived sediments 
to bedload mask the 'true' average weathering signature of sediments 
from a given basin. However, the similarity between suspended and 
bedload sediment compositions suggests that this unlikely. The phys-
ical erosion rates that characterise individual river basins within this 
study appear to prevent a silicate chemical weathering signature in 
either suspended sediment or bedload. 
1 
The Bounty Fan (BF) is a deep-sea abyssal fan that has developed off the 
eastern margin of the New Zealand microcontinent (Fig. 5.1) over the past 
rv16 Ma (Carteret al., 1999a). Its sedimentary history is varied and complex, 
largely because of its proximity to the Australian-Pacific plate boundary 
and its development in the path of the Deep Western Boundary Current 
(DWBC), a strong deep sea current sourced from the circum-Antarctic gyre. 
The primary sources of sediment to the Bounty Fan are: ( 1) terrige-
nous sediment derived from the eastern South Island and transported from 
the continental shelf to the Fan by turbidity currents; this source will here-
after be referred to as the eastern South Island sedimentary system (ESISS), 
(2) biopelagic sediments derived from local water-column fallout (Nodder, 
1998) or transported to the from other locations by underwater land-
slides, turbidity currents, or water currents, (3) airfall rhyolitic tephra from 
explosive Miocene-Holocene subduction-arc volcanism on the North Island 
(e.g. Alloway et al., 1993; Carter et al., 1996; Froggatt and Lowe, 1990; 
Froggatt et al., 1986; Lewis and Kohn, 1973; Ninkovitch, 1968; Shane, 1990; 
Shane and Froggatt, 1991; Shane et al., 1996; van der Lingen, 1968); and 
(4) sediments transported to the fan via the Deep Western Boundary Cur-
rent (Carter and Mitchell, 1987). The sedimentary dynamics and transport 
paths for each of these sources are well delineated for the eastern continental 
margin of New Zealand (e.g. Carter and Carter, 1993; Carter and McCave, 
1997) but the sources have not been geochemically constrained in reference 
to the stratigraphic development of the Bounty Fan. 
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Figure 5.1: Map illustrating the main sediment transport pathways associ-
ated with the development of the Bounty Fan and and the New Zealand-
Kermadec sedimentary 'recycling' system (Carter et al., 1999a). 
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The purpose of this study is twofold: ( 1) Determine the provenance 
of Bounty Fan sediments deposited from the Miocene to present, and (2) 
investigate the relationship between hydrodynamic fractionation and the 
preservation of the geochemical signature of ESISS sediment in the rock 
record. 
5.2 Regional Setting 
The bathymetry off the east coast of the South Island is dominated by the 
east-west trending Bounty Trough, which extends approximately 1000 km 
east of the New Zealand continental margin and merges with the 4500 m-
deep abyssal plain of the Southwestern Pacific basin (Fig. 5.1). Bounty 
Trough is the result of Cretaceous rifting associated with widespread crustal 
tension in the Campbell Plateau-Chatham Rise region (Anderton et al., 
1982; Wood et al., 1989) and is now a passive abandoned rift basin. The 
axis of the trough represents a pre-Cretaceous zone of structural weakness 
inherited by the New Zealand subcontinent from Paleozoic basin formation 
and subsequent Mesozoic crustal thinning between the Chatham Rise and 
Campbell Plateau (Carter and Carter, 1993; Davy, 1993). Rifting initiation 
is constrained to the late Cretaceous by rv90 Ma magnetic anomalies iden-
tified in the trough (Molnar et al., 1975; Weissel et al., 1977). During this 
period of extension, the eastern head of the Bounty Trough was connected 
with other 'tributary' rifts that are recognised today on the South Island as 
the WNW oriented Waihemo fault/valley complex (Mutch, 1963) and the 
NE oriented Waipounamu-Great South Basin fault/valley complex (Carter, 
1988a; Sandford, 1980). Sediments from these regions likely passed on into 
the central rift basin and are correlated with conglomerates that underlie 
marine transgressive sequences on the floor of the Bounty Trough. These 
fining-upward marine sequences are the result of continued basin subsidence 
during the early Cenozoic decay of the thermal anomaly associated with 
rifting (Carter, 1988b). 
Following the cessation of rifting in the Bounty Trough itself, the basin 
itself has been tectonically inactive and affected by the processes associated 
with the development of the Pacific-Australian plate boundary rv220 km to 
the west. Because of its proximity to the Australian-Pacific plate margin, 
the Bounty Trough has accumulated a sedimentary sequence that has been 
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subject to major tectonic, climatic, and sea level changes since the Miocene. 
The Bounty Fan extends east of the continental shelf break of the New 
Zealand microcontinent and merges with the flat (1:1000) abyssal plain of 
the Pacific Ocean (Carter and Carter, 1993). While the seaward extent of the 
Bounty Fan is poorly constrained by bathymetric and/ or seismic controls, 
it appears to have an asymmetric outline in plan view with preferential 
growth to the northeast under the influence of the Deep Western Boundary 
Current (DWBC) (Carter and Carter, 1993). Seismic profiles indicate that 
the DWBC has locally eroded the fan to produce winnowed topography with 
up to 350m relief (Carter et al., 1994). 
5.3 Ocean Site 1122 
ODP Site 1122 is located on the northern levee of the Bounty Channel as 
it incises the abyssal Bounty Fan (Fig. 5.1). The seismic stratigraphy of 
the area is illustrated by the New Zealand Oceanographic Institute (NZOI) 
seismic line number 2023 (Fig. 5.2). 
Figure 5.2: Portion of NZOI seismic line 2023 trending NE-SW across the 
central section of the abyssal Bounty Fan (Carter et al., 1999a). 
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In Figure 5.2, layer 'B' represents the basal contourite unit of the fan; 
layer 'A,' with pronounced sediment wave structures, is composed primarily 
of stacked turbidite sequences. Coring operations at site 1122 commenced 
in September 1998 in 4430 m water. The drilling of three cores combined to 
recover a sedimentary section to a depth of 627.5 mbsf. With the exception 
of two samples from uppermost section (5 m) of Core 1122B, all samples an-
alyzed in this study are from Core 1122C. Core recovery ranges from 100% 
to < 50% and decreases with depth (Fig. 5.3). Drilling confirmed that the 
upper 300 m of the fan consists of rhythmically interbedded late Pleistocene 
turbidites, which are underlain by an additional150 m of current-reworked 
sands and muds of Plio-Pleistocene age (Carter et al., 1999a). Below 450 m, 
an "'8 m.y. condensed sequence or unconformity overlies current-reworked 
sands and muds of Miocene age. Sedimentation rate plots suggest slow 
( rv5 cm/ka) Miocene deposition followed by a substantial gap in sedimenta-
tion and more recent Plio-Pleistocene deposition at a high rate ( "'40 cm/ka) 
(Fig. 5.4). The following discussion presents average sample compositions 
for the major sampled lithostratigraphic units; these refer to the units iden-
tified by Carter et al. (1999a) in Figure 5.3. 
Given that the main sedimentary inputs to the deep ocean off the east 
coast of New Zealand are relatively well understood, ODP Core 1122 rep-
resents a prime opportunity to geochemically disassemble a sedimentary 
sequence into proportions of parent material end-members. Such a deconvo-
lution provides further insight into the fluctuating strength of the DWBC, 
the initiation and growth of the Southern Alps during the Pliocene and 
Pleistocene, and the periodic influx of TVZ volcaniclastic sediments to the 
deep ocean south of Chatham Rise. 
5.4 Bounty Sedimentary History 
Four main phases of sedimentation are recognised in the evolution of the 
Bounty Trough from its Cretaceous inception to present: (1} Matakea 
Group rift-fill sediments consisting of non-marine breccia, conglomerates, 
and thick immature coal sequences, (2} Onekakara Group marine transgres-
sive sequence comprised of quartzose coal measures and shelf/ramp marine 
sediments, {3} Kedenodon Group sediments comprised of greensands and 




















Figure 5.3: Composite stratigraphic summary log for ODP site 1122, con-
tinued on the next two pages (Carter et al., 1999a). Core recovery decreases 
with increasing depth; the major unconformity occurs at 490 mbsf, below 
which core recovery drops off considerably. Within the column 'General 
Lithology,' the term Py refers to layers of pyritization. 
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(4) Otakou Group layered turbidite sequences, which consist of quartzose 
fine sand and siltstone associated with synorogenic progradation (Fig. 5.5). 
These groups correspond closely to the tectonic history of the region (Carter 
and Norris, 1976), which is characterised by Cretaceous rifting followed by 
thermal subsidence and subsequent initiation of orogenesis to the west dur-
ing the Oligocene/Miocene. This study is concerned with Otakou Group 
sediments, which are the result of the mixing of ESISS, biopelagic, and 
TVZ-derived sediments. Each of these sources is discussed more fully be-
low. 
In order to understand the Otakou Group turbidite sequence samples an-
alyzed in this study, it is first necessary to understand the long-term controls 
on sedimentation in the Bounty Trough. Therefore, the sedimentary history 
of the sediments that underlie Otakou sediments is summarised below. 
The Matakea Group is rarely recognised on seismic lines off the east 







2 3 4 5 
.,..Tephra 











5001--------------------------+-+----------------- Sed. Rate "'~-20 mtm.y. 
eoo j IliA-C 
Figure 5.4: Age-depth curve for site 1122 (hole C) using microfossils and 
polarity chron datums. The best-fit line is drawn according to the subjective 
weighting of the chronostratigraphic and geochronologic precision of the 









Figure 5.5: Cross section illustrating the Cretaceous-to-present stratigraphic 
development near the head of the Bounty Trough (Carter et al., 1999a). A 
similar profile is found within the distal abyssal Bounty Fan. 
fill between the half-graben structures associated with basin opening (Carter 
et al., 1994). With the onset of thermal subsidence in late Cretaceous or 
early Paleocene, the Bounty Trough became inundated with shallow ma-
rine seas and the widespread Onekakara sequence of terrestrially derived 
and bio/hemipelagic sediments was deposited throughout the early /middle 
Oligocene. Marine transgression reached its climax in the Oligocene, when 
most of the New Zealand plateau was submerged and potential terrestrial 
sources of sediment to the west the Bounty Trough were inundated. Ma-
rine biopelagic carbonates of the Kekenodon Group were deposited at this 
time (Fleming, 1975; Suggate et al., 1978). 
The onset of convergent activity on the Alpine Fault plate boundary 
in the late Eocene (Sutherland, 1995; Turnbull, 1985; Turnbull and Uruski, 
1995) resulted in the influx of large volumes of terrigenous sediment to the 
Bounty Trough by rv24 Ma (Norris et al., 1978). This pulse of sedimentation 
began with the deposition of thin mud turbidites within biopelagic carbonate 
sequences and progressed to alternating layers of biopelagic and terrigenous 
muds of the Otakou Group (Carter and McCave, 1994). The bathymetric 
expression of the Bounty Fan as it exists today is dominated by the South 
Island system of Southern Alps erosion, river and turbidite transport to the 
east, and deposition in the Bounty Fan (Carter and Carter, 1996). 
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Makatea Group breccias, conglomerates, and immature coal sequences 
are recognised as the oldest sediments deposited in the Bounty Trough dur-
ing its inception in the Cretaceous; these sediments are correlated with the 
Kyeburn Formation of Central Otago, which consists of basin-filling coarse 
detritus, including breccias, conglomerates, and calcareous sand sandstones 
(Bishop and Laird, 1976). 
The marine transgressive Onekakara Group is the first widespread sedi-
mentary unit found in the Bounty Trough; it exhibits strong vertical zona-
tion as thermal and isostatic subsidence caused sea level rise throughout the 
Bounty Trough region (Carter and Carter, 1993). Extensive lateral zona-
tion is also found within beds of the same age within the Onekakara Group; 
this is a function of distance from the paleo-shoreline in the early Cenozoic. 
Carter and Carter (1993) characterise the Bounty Trough at that time as 
a starved rift because terrigenous detritus was trapped within a shore-face 
connected prism of onlapping beds and an offshore ramp on the continen-
tal shelf just off of the coastline of present-day Otago. Further to the west 
of this paleo-shoreline, the axial deep of the Bounty Trough received only 
biopelagic sediment (Carter and Carter, 1993). By the time of the deposition 
of the Kekenodon Group greensands and limestones in the Oligocene, maxi-
mum marine transgression had inundated the Chatham Rise and Campbell 
Plateau; at the same time, a peneplaned New Zealand lanmass resulted in 
near-complete cessation of terrestrial sedimentation, even in the eastern end 
of the Bounty Trough. During this time, the axial deep of the Bounty Trough 
was completely starved of terrestrial material and little if any abyssal fan 
building occurred (Carter and Carter, 1996). 
The progressive development of marine transgressive Onekakara Group 
sediments illustrates the effect of a primary control on Bounty Fan develop-
ment: thermal subsidence and isostacy. Long-term subsidence in the Ceno-
zoic varies from near zero in the hinterland inland from the western head 
of the trough to > 5 km on similar age oceanic crust in the distal reaches 
of the Bounty Channel system (Carter and Carter, 1993). As a result of 
slow biogenic accumulation rates throughout most of the seaward extent of 
the Bounty Trough during the early Cenozoic, sediments deposited progres-
sively further from the continental margin display equivalent properties to 
sediments deposited successively earlier in the rift-subsidence cycle (Carter 
and Carter, 1993). 
5. 5 Sedimentary Sources 
5.5.1 
Although the early stages of Bounty Trough subsidence were characterised 
by the absence of significant terrestrial input (e.g. Carter and Carter, 1996), 
the development of a major channel-abyssal fan system depended on an en-
hanced sediment supply to the head of the trough. In the case of the Bounty 
Trough, the Bounty Fan represents the terminus of the sediment erosion-
transport-deposition system that begins in the actively rising Southern Alps 
and includes most of the southeastern South Island (Carter et al., 1999a). 
The major river systems draining the eastern edge of the orogenic belt are 
the Rakaia, Rangitata, Waitaki, and Clutha rivers; the Oreti, Aparima and 
Waiau are the main south-draining rivers (Fig. 5.6). As previously described, 
a system of "'900 km long submarine canyons incises the continental shelf 
and slope east of the present-day coastline forms the link between eastern 
South Island river systems and the abyssal fan. Rivers to the north of the 
Rakaia are less likely to contribute sediment to the Bounty Trough because 
they deposit their sediment in the feeder canyons for the Hikurangi Channel 
(Fig. 5.1). 
The deposition of Oligocene Kekenodon Group deep marine sediments in 
the seaward reaches of the Bounty Trough was modified by the input of large 
volumes of terrestrial sediment resulting from realignment of the Australian-
Pacific plate boundary and the initiation of mountain building along the 
Alpine Fault (Carter and Norris, 1976). Seismic stratigraphy suggests that 
Bounty Fan growth initiated in the Oligocene (Carter and Carter, 1993; 
Davy, 1993) and that the early fan was restricted to the axial reach of the 
trough floor. Growth of the fan accelerated in the Miocene, but the majority 
of terrestrially-derived fan growth has occurred since the Pliocene (Carter 
et al., 1990). This is the result of two complementary processes: tectonism 
and climatic change. 
The acceleration of fan growth in the Pliocene coincides with the inten-
sification of compressional plate motion along the previously transcurrent-
dominated Alpine Fault. Uplift rates in the Southern Alps increased from 
the Miocene through the Pleistocene (Kamp et al., 1989). The rapid ex-
humation of readily erodable metasedimentary rocks resulted in enhanced 
denudation and transport of terrigenous load to the east coast (e.g. Adams, 
1980; Cutten, 1979; Suggate et al., 1978). 
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Figure 5.6: Main river networks draining the eastern margin of the New 
Zealand Southern Alps. These rivers are the dominant ESISS sources to the 
BF. 
Although tectonic control on mid to late Cenozoic development of the 
Bounty Fan has been strong, the dominant control on sediment supply to the 
deep ocean from the Pliocene to present has been eustatic sea level change 
as a result of climatic cyclicity (Fig. 5.7; Carter and Carter, 1993). The first 
indication of climatic control of sedimentation in the Bounty Trough was 
provided by Griggs et al. (1983), who documented glacial-interglacial cyclic-
ity in cores of late Quaternary age sediments from the continental margin 
and the axial deep of the Bounty Trough. The majority of fan growth since 
the Pliocene is concordant with the commencement of major glaciations 
during this time. Glacial periods were accompanied by eustatic lowering of 
sea level and the exposure of most or all of the continental shelf (Fig. 5.7a). 
During these periods, the Clutha and Waitaki rivers extended their courses 
Fan 
and deposited their sediment load directly into the source area for the Otago 
Fan complex. Within the trough itself, these terrestrial sediments were de-
posited as a micaceous hemipelagic blanket with little biogenic input (e.g. 
Griggs et al., 1983; Nelson et al., 1985) and were transported by periodic 
turbidity currents for > 800 km to the abyssal Bounty Fan (Carter and 
Carter, 1988; Carter and Mitchell, 1987). Carter and Carter (1990) suggest 
that Bounty Fan glacial turbidite sequences have accumulated at rates of 
2-3 turbidites per 1000 yr. 
In contrast to glacial periods, interglacials are characterised by the for-
mation of a pelagic drape over the trough floor. Eustatic sea level rise 
resulted in the diversion of terrestrially derived sediment to the north by 
longshore drift (Fig. 5. 7b) and the seaward reaches of the Bounty Trough 
once again were dominated by biopelagic sedimentation. The nature of this 
sedimentation can be seen in present-day depositional processes within the 
Bounty Trough, as over 90% of the depression is mantled by a 0.1-0.3 m thick 
layer of foraminiferal nanoplanktonic ooze (Carter and Carter, 1993). This 
bioturbated and relatively monotonous layer attests to the absence of active 
turbidity currents in the central submarine channel of the trough. The pres-
ence of biogenic and undisturbed sediment during the current interglacial is 
in accord with the distinctive couplets of glacial turbiditic terrigenous sedi-
ment and interglacial biopelagites that are found as cyclothems throughout 
the Plio-Pleistocene Otakou Group sediments (Carter and Carter, 1992). 
Although enhanced sediment supply to the Bounty Trough in the 
Miocene and Pliocene is the result of both tectonic and climatic factors, 
the primary factor controlling sedimentation in the abyssal fan was sea level 
change; this is suggested by the formation of an interglacial pelagic drape 
on the trough floor during a time otherwise characterised by erosion and 
sediment transport to the east coast of New Zealand. 
5.5.2 Eastern New Zealand Oceanic Sedimentary System 
(ENZOSS) 
The term ENZOSS was coined by Carter et al. (1996) as a result of the 
recognition that the eastern portion ofthe Australian-Pacific plate boundary 
between the Kermadec Trench and the Maquarie Ridge forms an extensive 
sediment recycling system with three main parts: (1} an active plate bound-
ary that generates and eventually consumes sediment, (2) three submarine 
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Figure 5.7: Glacial (a) and interglacial (b) sediment transport patterns off 
the east coast of New Zealand (Carter and Carter, 1993). 
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channels that carry sediment to the abyssal floor, and (3) the Pacific deep 
western boundary current (DWBC), which carries channel discharges north 
toward the Kermadec Trench. 
The majority of sediment entering the ENZOSS system is the result of 
high erosion rates along the Southern Alps. This material is transported 
via ESISS rivers and deposited both in proximal trenches (e.g. Lewis and 
Pettinga, 1993) and in the distal southwest Pacific Basin after being trans-
ported up to 1400 km along submarine canyons (Carter and Carter, 1993). 
Three major submarine canyons are recognised: the Solander, Bounty, and 
Hikurangi channels (Fig. 5.1). It is important to note that in addition 
to the deep sea transport of terrestrially-derived sediment, there is also a 
shallow-water sediment transport system along the south edge of the South 
Island that transports sediment from the plutonic rocks of Stewart Island 
and Fiordland east and north to the tops of the submarine canyons that 
feed the Bounty Fan (Bardsley, 1977; Carter and Mitchell, 1987; Williams, 
1979). 
The Solander Channel is the southernmost pathway for sediment shed 
from the east side of the Southern Alps and Fiordland. Initiating at the 
continental slope off the coast of southernmost New Zealand, the channel 
trends south for > 450 km along the axis of the Solander Trough and de-
posits its terrigenous load into the 4500 m deep Emerald Basin as a poorly 
defined fan of> 400 m Neogene sediment (Davey, 1977). The longest sed-
iment transport pathway to the abyssal plain east of New Zealand is the 
1500 km long Hikurangi Channel (Lewis, 1994), which deposits sediment 
in both a large abyssal fan and a dispersed deposit of fan-drift sediments 
under the influence of the DWBC. In contrast to the Solander and Bounty 
channels, the Hikurangi sediment transport system has been subject to tur-
bidity current activity in both glacial and interglacial periods (Fenner et al., 
1992; Lewis, 1994) because the canyon heads intercept both lowstand and 
highstand sediment transport systems. 
Following the Bounty Channel itself (which transports primarily ESISS 
sediments), the most important ENZOSS control on Bounty Fan develop-
ment is the DWBC. DWBC inflow to the Pacific basin occurs at Maquarie 
Ridge where deep circulation is a combination of DWBC and Antarctic 
Circumpolar current (ACC). At present, 40% of the flux of cold bottom 
water entering major ocean basins does so through the southwest Pacific 
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DWBC (Warren, 1981). The combined ACC and DWBC pass through 
gaps in Maquarie Ridge and reunite to flow northeast along the edge of 
the Campbell Plateau (Fig. 5.1). Flow records indicate maximum speeds of 
30-40 cm/s between Maquarie Ridge and the Campbell Plateau (Gordon, 
1975) and the presence of subantarctic diatoms in drift deposits at 40 ° S 
(Carter and Mitchell, 1987) suggest that at this speed the flow is capable 
of transporting fine sediments. At rv56° S and at the southern edge of the 
Bounty Trough ( 46° S), branches of the ACC veer east and continue across 
the Pacific, while the DWBC flows north across the Bounty Fan at depth 
of 2000-4500 m (Carter et al., 1999a). The DWBC continues to flow north 
around the edge of the Chatham Rise and eventually deposits sediment in 
the Kermadec Trench, where subduction consumes sediments and incorpo-
rates them into the arc volcanic rocks of the Taupo Volcanic Zone (TVZ, 
e.g. Carter et al., 1996). 
Although the Bounty Fan has been less altered by DWBC sediment re-
distribution than the Hikurangi fan-drift style deposits to the north, the 
fan system has responded to the current. The most prominent effect of the 
DWBC has been the deflection of the Bounty Channel to the south at the 
head of the Bounty Fan as a result of preferential development of left (north) 
bank levees during turbidite deposition. Locally eroded sediment from the 
Bounty Fan is redeposited as ridge-like drifts that extend for rv500 km to 
the northeast (Carter and McCave, 1994). The overall pattern of deposition 
throughout the stratigraphy of the Bounty Fan reflects the interplay of in-
flowing turbidity currents and the DWBC and led Carter et al. (1999a) to 
label the sequence sampled at Ocean Drilling Program Site 1122 'Turbidites 
with a contourite foundation.' Seismic records suggest that the DWBC has 
been active since at least the Miocene, and perhaps developed as early as 
the mid-Oligocene (Carter and McCave, 1994) as oceanic thermohaline cir-
culation responded to the tectonic reorganisation of the Antarctic region in 
the Eocene and Oligocene (Fig. 5.8) (Kennett et al., 1972; Lawver et al., 
1992; Molnar et al., 1975). 
In summary, the Bounty Fan has developed its present morphology 
through the deposition of turbidites under the northeasterly flow regime 
of the DWBC. The base of the Bounty Fan is a contourite deposit that 
grades up into interfingered turbidite/contourite units that reflect the inter-
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Figure 5.8: Tectonic reconstructions of the Southern Ocean at 50, 30, and 
20 Ma (Carter and Carter, 1993). Inferred current directions are indicated 
by arrows. 
and infiowing turbidity currents. It is important to note that the DWBC 
is recognised as much for removal of sediments from the Bounty Fan (e.g. 
Carter and Mitchell, 1987) as it is as a potential means of sediment addition. 
5.5.3 Biopelagic Sediments 
The contributions of biopelagic sediment to the Bounty Fan are primarily 
recognised in the glacial/interglacial cyclothems of the Bounty Fan (Carter 
and Carter, 1992). The nature of these pelagic interbeds is best understood 
from study of the modern drape of foraminiferal nannoplanktonic ooze that 
covers over 90% of the Bounty Trough (Carter and Carter, 1993). Sedimen-
tation rates range from 0.3-6.4 cm/ka with an average of 2.0 km/ka, and 
earlier interglacial periods in the late Cenozoic were likely characterised by 
similar rates of deposition (Carter and Carter, 1988; Griggs et al., 1983). 
The nature of biopelagic deposition, like terrigenous input to the Bounty 
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Fan, has been modulated by glacial/interglacial climatic cyclicity. Both the 
Subantarctic Front (SAF) and the Subtropical Convergence (STC) presently 
form water-mass boundaries in the vicinity of the Bounty Trough (Fig. 5.9; 
Carter et al., 1999a). During glacial/interglacial cycles, these were likely to 
migrate by up to 6 °C in latitude (e.g. Howard and Prell, 1992). Modern 
seasonal variations are more limited, with "'2 °C of fluctuation of the STC 
east of New Zealand (Chiswell, 1994). The modulation of biopelagic deposi-
tion is then be affected by both the faunal productivity of each water mass 
and the level of the carbonate compensation depth, which likely varied with 
the position of shallow oceanic fronts and the strength and path of the ACC 
during glacial/interglacial couplets (Carter et al., 1999a). 
5.5.4 Ash-fall 
The Taupo and Okataina rhyolitic centers of the Taupo Volcanic Zone (TVZ; 
Fig. 5.1) are the most productive rhyolitic volcanoes in the world, with 
eruption rates of ""0.2 m3s-1 at Taupo and "-'0.1 m3s-1 when averaged over 
the past 65,000 years (Wilson, 1993). The main zone of tephra deposition 
from Plinian-style eruptions extends in an elongate circle coincident with the 
dominant wind directions to the east over the North Island. As a result, the 
most pronounced area of volcanic ash deposition occurs in offshore regions 
north of the Chatham Rise, and only the largest of rhyolitic events disperse 
tephra into the Bounty Trough region (Carter et al., 1985). During the 
past 20,000 years, four major and several minor eruptions have deposited 
an estimated 400 km3 of airfall to the southwest Pacific, and input rates to 
the deep ocean off the east coast of New Zealand average ""45 Mtjyr north 
of the Chatham Rise, approximately 1/3 of the 147 Mt/yr estimated for 
fluvial sediment contributions (Carteret al., 1996). The net input of rhyolitic 
ashfall to the Bounty Fan is not as well constrained, but it is expected to 
be less than that of fan deposits further to the north. There are at least 6 
recognised tephra layers in ODP core 1122, but none of these correspond to 
the stratigraphic horizons sampled for this study. 
5.6 Results 
Seventy-two samples were analyzed for major and trace elements as de-
scribed in Chapter 2. Complete tables of the results for all samples are 
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Figure 5.9: Positions of the major fronts at the ocean surface (summer 
temperatures) and the flow pathways of the ACC and DWBC. The main 
water masses are labelled as follows: Subtropical Surface Water (STW), 
Australasian Subantarctic Water (ASW), and Circumpolar Surface Water 
( CSW). Prominent oceanic fronts are the Subtropical Convergence ( STC), 
Subantarctic Front (SAF), and the Antarctic Polar Front (APF) (Carter 
et al., 1999a). 
presented in Appendix D. Sample locations from within ODP Site 1122 
cores are presented in Figure 5.5; these correspond to geochemical data pre-
sented in Appendix D. Principle component analysis (PCA) of sediments 
can be found in Appendix E. Age ranges and mean sediment compositions 
from each generalised lithostratigraphic unit (IA-D, IIA, IIC, IliA-B) are 
presented in Table 5.1. These correspond the units defined by Carter et al. 
(1999a) in Figure 5.3. 
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Table 5.1: Average Bounty Fan sediment compositions by stratigraphic unit. 
Major elements reported as wt. % and trace elements as ppm. Age ranges 
are derived from sedimentation rate estimates and paleofossil ages Carter 
et al. (1999a). Unit grain size ranges are also from (Carter et al., 1999a). 
IA IB IC ID Core Unit 
#samples 
Age 
n = 6 n = 14 n = 20 n = 14 
0-100 ky 100-500 ky 500 ky- 1 Ma 1-1.5 Ma 
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5.6.1 Major Elements 
Elemental concentrations in marine sediments are usually highly influenced 
by variable CaC03 concentrations (e.g. Cullers, 2002). Carbonate measure-
ments were made by Carter et al. (1999a) but only on a small subset of 
core samples (Fig. 5.3). Because of the high variability of carbonate concen-
trations with depth, it is unsuitable to use these widely-spaced carbonate 
concentration determinations to extrapolate to other samples. Due to small 
sample sizes, carbonate concentration measurements were not directly mea-
sured on the Bounty Fan samples analyzed in this study, but carbonate 
contributions to total CaO may be semi-quantitatively assessed by the cor-
relation of CaO and LOI (Fig. 5.10). High correlation between total CaO 
and LOI (r2= 0.90) indicates that total CaO concentrations are dominated 
by carbonate contributions. 
This trend defines a line that is parallel to the one defined by the 
theoretical relationship between CaC03 content and LOI via the reaction 
CaC03(s) ---+ CaO(s) + C02(g)· This suggests that total CaO is dominated 
by contributions from CaC03. In order to approximate CaC03 contents in 
BF sediments, total CaO concentrations have been corrected for phosphatic 
(apatite) Ca, and the remaining CaO has been attributed to CaC03. The 
use of this 'correction' is supported by the low silicate CaO concentrations 
in Clutha bedload sediments (Chapter 3). 
Because geochemical data are constant sum data, when one component 
of the data set changes (i.e CaO), the other components are forced to change 
as well. In order to eliminate the strong diluting influence of CaC03, el-
emental compositions are often normalised to aluminium (e.g. Shimmield 
and Mowbray, 1991; Weedon and Hall, 2004) or reported on a carbonate-
free basis. Aluminium is chosen because it it likely to be immobile during 
weathering, diagenesis, and metamorphism (Cardenas et al., 1996). Vari-
ation diagrams for major elements plotted versus Al20 3 contents are pre-
sented in Figure 5.11. A negative correlation between Si02 and Ab03 is 
observed, but the trend is much weaker than that found in fluvial sediments 
of the Clutha river (Chapter 3, Fig. 3.4). Many sediments from the BF are 
depleted in both Si02 and Ab03, indicating the dilution of silicate minerals 
with biogenic calcite. Ti02, Fe203, K20, and to a lesser extent, Mg and Mn 
display a positive correlation with Ab03, suggesting that these elements are 
sequestered mainly in phyllosilicates and that major element compositional 
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trends may be primarily influenced by average grain size. Na20, P205, CaO, 
and LOI are not correlated with Al20 3 , indicating that they are behave inde-
pendently from the major elements because of their respective associations 
with albitic plagioclase, phosphates, and carbonates. 
5.6.2 Large Elements Rb, Cs, Ba, Sr) 
In comparison to estimates of UCC composition (McLennan, 2001), Bounty 
Fan sediments are depleted in Rb, Cs, and Ba ("" 0.5 x UCC), and to a 
lesser extent Th and U(rv0.7-Q.9 x UCC). In contrast, Sr is enriched 1.0-
1.6 x UCC. Sr is strongly correlated with total CaO (Fig. 5.12), consistent 
with biogenic carbonate as the major Sr-contributing phase. The best-fit line 
of Figure 5.12 intercepts they-axis at 192 suggests that the average silicate 
contribution of Sr to BF sediments is rv190. This is lower than the average 
UCC abundance of 350 ppm (Table 5.1). Sr concentrations in Clutha river 
bedload vary widely with grain size, but the average of all sand and silt 
samples (212 ppm, n= 40) is similar. The remaining LILEs (not plotted) 
display positive correlation with Ab03 and are likely sequestered mainly in 
20 
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Figure 5.10: Loss on ignition vs. CaO for all Bounty Fan samples. The 
linear best fit line for BF sediments is similar to the line defined by pure 
carbonate control of LOI values (y= .785). 
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Figure 5.12: Sr vs. CaO for all Bounty Fan sediments. 
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phyllosilicates. This correlation is supported by the positive covariance of 
these LILEs with K20, which is mostly associated with muscovite and illite 
in sediments derived from the New Zealand axial ranges (as discussed in 
Chapter 3). 
5.6.3 Strength Elements (Zr, Nh) 
Zr, Y, and Nb tend to reflect provenance in sedimentary rocks because 
of their immobile behavior in sedimentary systems (Taylor and McLennan, 
1985). Zr and Hf are most commonly associated with zircon (Taylor and 
McLennan, 1985) and Zr/Hf ratios of 39-40 in BF sediments (Table 5.1) is 
consistent with zircon control of these elements (Muriali et al., 1983). 
contrast to Zr, Hf, and Y, which correlate negatively with LILEs (excepting 
Sr), Nb displays strong correlation with these phyllosilicate-bound phases. 
Therefore, HFSEs are controlled by a combination of zircon (Zr, Hf) and 
phyllosilicates (Nb). 
5.6.4 Rare Earth Elernents(REE) 
Sediments from all stratigraphic levels within the display similar 
concentrations and UCC-normalised patterns, except for Miocene samples 
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Figure 5.13: UCC-normalised average REE patterns of Bounty Fan strati-
graphic units. 
(IliA-B), which have slightly lower REE concentrations. UCC-normalised 
patterns display MREE enrichment and slight positive Eu anomalies 
(1.1-1.2; Fig. 5.13). 
5. 7 Discussion 
Although provenance and tectonic history are often extracted from petro-
logical and geochemical investigations of sedimentary rocks, these interpre-
tations can be limited by physical and chemical processes that alter sedi-
ments during transport in fluvial and marine environments. The BF system, 
which is fed largely from ESISS fluvial sediments provides an opportunity 
to investigate recent fluvial transport processes (e.g. Chapter 3) and how 
they relate to the geochemical signatures of sedimentary rocks. The strong 
link recognised between ESISS sediment transport and BF sediment deposi-
ton (e.g. Carter et al., 1999a) suggests that BF sediments should display 
a similar mineralogical composition to eastern South Island lithologies. As 
documented in Chapter 3, the most abundant minerals in the Haast Schist 
and associated sediments are quartz, albite, muscovite, and chlorite. These 
minerals are also the most abundant terrigenous minerals in Holocene and 
Pleistocene sediments from the Bounty Trough (Carter and Mitchell, 1987; 
Carter et al., 1999a; Griggs et al., 1983). The following discussion inves-
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tigates the relative importance of each sedimentary source to the BF and 
goes on to assess the importance of sedimentary sorting to the evolution of 
ESISS sediments in the marine environment. 
5. 7.1 Terrigenous vs. Biogenic Sources 
The relative proportions of silicate and carbonate in BF sediments is a fun-
damental control on sediment geochemistry. sediments have been 'cor-
rected' for carbonate content as described above in section 5.6.1. CaC03 
concentrations calculated in the manner described above range from 3.6-
37.8%, indicating that all BF sediments are dominated by silicic (terrige-
nous) mineral phases. The upper 110 m of the core display the least vari-
able CaC03 concentrations (Fig. 5.14), which is consistent with the thick 
(> 40 em) turbidites in subunits IA and IB (Fig. 5.3). thinner tur-
bidites of IC and contourites/turbidites of the lower core may correspond 
to a greater proportion of CaC03-rich layers and a decline in the volume of 
ESISS turbidity current input. However, this interpretation is subject to two 
qualifications: poor core recovery below 110 m (Fig. 5.3), which is thought 
to preferentially retain fine-grain size fractions (Carter et al., 1999a), and 
the absence of data on the specific location of each sample within the tur-
biditejpelagite cyclothem sequence, which is anticipated to be an important 
control of carbonate content. 
The amount of biogenic carbonate in BF sediments is dependent mainly 
on the glacial-interglacial sea level variations that characterised the eastern 
margin of New Zealand from the Miocene to present (Fig. 5.7; Carter and 
Carter, 1993). These variations exert a primary control on the abundance of 
ESISS sediments delivered to the and therefore are largely responsible 
for the relative abundance of terrigenous vs. biopelagic sediment in each 
sample. However, the sample resolution of this study is more suited to 
picking out long-term trends in sediment composition rather than smaller-
scale glacial/interglacial cyclicity. 
5 Provenance 
Eastern South Island Sedimentary System 
Comparison of the major element composition data of BF sediments to 
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Figure 5.14: Core depth vs. carbonate content estimated from phosphate-
corrected CaO concentrations in Bounty Fan sediments. 
near the mouths of the Rakaia, Rangitata, and Mataura rivers reveals that 
sediments are compositionally similar to ESISS sediments (Fig. 5.15). 
Clutha river sands display a greater range of Si02 concentrations in sand 
fractions, but silt size fractions are very similar to BF sediments. In fact, the 
only significant major elemental differences observed are in Si02 vs. Ab03 
and CaO vs. Ab03. BF sediments display depletions in both Si02 and 
Al203 relative to ESISS sediments; this difference can be attributed to the 
'dilution' of silicate-rich river sediments with biogenic carbonate. This hy-
pothesis is supported by CaO vs. Al203 relationships, which suggest that BF 
sediments are enriched in CaO relative to the ESISS sediments (Fig. 5.15). 
These major element relationships suggest that Bounty Fan sediments are 
composed primarily of the silt and fine sand grain size fraction of river 
sediments from ESISS. Unfortunately no quantitative grain size data are 
available for sediments (except for the generalisations of Fig. 5.3 and 
Table 5.1). There is a chance that other sediment sources may provide 
compositionally similar material, but the strong link between the mouths of 
ESISS rivers and the BF suggests that ESISS inputs dominate the silicate 
major element composition. The mixing of ESISS sediments with biogenic 
carbonate is the dominant control on major element compositions of BF 
sediments. These sources will be discussed individually below. 
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Figure 5.15: Variation diagrams of selected major elements from Bounty 
Fan sediments, Clutha river bedload size fractions, and bedload sediments 
from near the mouths of the Rakaia, Rangitata, and Mataura rivers. Arrows 
in upper diagrams represent the effect of addition of biogenic carbonate to 
Clutha sediments. 
Rare earth elements, Th, Sc, and the high field strength elements (Zr, 
Hf, Y, Nb) are particularly useful in provenance studies because they are 
primarily associated with solid phases in fluvial and marine systems and 
are therefore transferred almost quantitatively into the sedimentary rock 
record (McLennan and Taylor, 1991; Taylor and McLennan, 1985). The 
ratios of these elements are also unaffected by carbonate dilution effects. 
This set of elements contains both incompatible and compatible elements, 
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which allows for the differentiation of mafic and felsic rock sources (e.g. Cox 
et al., 1995; Cullers, 1994; Fedo et al., 1996; Taylor and McLennan, 1985; 
Wronkiewicz and Condie, 1990). REE patterns are often used to infer sed-
imentary provenance because mafic rocks contain low LREE/HREE ratios 
and no Eu anomalies, whereas more silicic rocks are characterised by the 
development of higher LREE/HREE ratios and negative Eu anomalies (see 
summary in Cullers and Graf, 1984). Table 5.2 displays various elemental 
ratios from BF sediments and potential source materials. La/Sc ratios are 
particularly indicative of the similarity between fine grained Clutha bedload 
and BF sediments (and the difference between BF sediments and CD and 
TVZ sources). In general, BF elemental ratios can be explained by the mix-
ing of Clutha bedload grain size fractions (as a proxy for total ESISS input). 
In particular, La/Sc and Th/Sc ratios indicate the absence of input from 
the TVZ. In some other cases, however, sediments from the Chatham Drift 
or TVZ display similar ratios to BF sediments; these similarities are likely 
coincidental, as discussed below. The Bounty Fan represents the distal ter-
minus of the Eastern South Island Sedimentary system, and therefore the 
geochemical signature of its sediments appear to be dominated by ESISS 
sources. 
Consistent with the elemental ratios of Table 5.2, REE data from BF 
sediments display a high degree of similarity to Clutha bedload sediments. 
UCC-normalised REE patterns for BF stratigraphic unit averages are pre-
sented along with patterns from Clutha bedload fractions and potential 
sources in Figure 5.16. All BF sediments display parallel patterns to ESISS 
sediments, and have absolute concentrations ranging between that of the 
Table 5.2: Elemental ratios, europium anomalies, and UCC-normalised 
La/Yb ratios of average Bounty Fan sediments, Clutha river bedload grain 
size fractions, and other potential sources of sediment to the Bounty Fan. 
Bounty Fan Average by Unit Clutha River Bedload Average 
IA IB IC ID ITA IIC IIIA-C 2-1 mm 1 mm-355 mm 355-63 mm > 63 mm 
La/Sc 1.71 1.66 1.61 1.59 1.74 1.48 1.37 1.03 0.95 1.38 1.70 
Th/Sc 0.58 0.57 0.64 0.65 0.64 0.55 0.49 0.47 0.41 0.50 0.69 
Zr/Hf 39.6 40.2 38.4 38.3 39.4 39.4 39.4 39.1 39.2 39.3 40.7 
Y/Nb 3.18 2.91 2.68 2.64 3.01 2.74 3.01 2.04 1.88 2.25 2.86 
Eu!Eu* 1.12 1.15 1.13 1.12 1.11 1.13 1.16 1.09 1.09 1.13 1.10 
(La!Yb), 0.89 0.88 0.82 0.80 0.83 0.80 0.77 0.90 0.82 0.74 0.71 
'Campbell Drift (Carteret. a!., 1999b) 
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fluvial silt ("-'63 J-Lm) and fine sand (355-63 J-Lm) fractions. In no case is 
there any indication of the deflection of the patterns toward the trends of 
REE patterns from the Campbell Drift or Taupo Volcanic Zone. Although 
both major and trace element data indicate that sediments are domi-
nated by ESISS input, the potential absence of input from both DWBC and 
TVZ requires further discussion. 
At present, the Taupo Volcanic Zone introduces approximately"' 45 Mtjyr 
of sediment to the deep ocean north of the Chatham Rise (Carter et al., 
1996). From 10-4 Ma rhyolitic eruptions also came from the Coromandel 
volcanic zone (Adams et al., 1994). Pulses of volcanic activity are recognised 
as distinct tephra layers in deep-sea sediments north of the Chatham Rise 
(ODP Site 1123: Winkler and Dullo, 2002). These sediments span a similar 
time period to Bounty Fan sediments, and the geochemistry of tephra layers 
from both locations should be similar. Few tephra horizons are visually ap-
parent in cores from ODP Site 1122 (Carter et al., 1999a), and no samples 
from this study coincide with identified tephra layers. Tephra layers from 
sediments north of the Chatham Rise are characterised by a distinct major 
element geochemistry; in particular, volcanic sediments are rich in K20 and 
Si02 and depleted in CaC03 and Ti02 relative to background sedimentation 
(Weedon and Hall, 2004). These tephra rich layers are clearly distinguished 
from other deep sea sediments when normalised to Ab03. Backgound sedi-
mentation at ODP1123 is dominated by sediments transported north from 
ESISS rivers by the DWBC and biogenic carbonate (Carter and Mitchell, 
1987). 
The same characteristics that differentiate tephra layers from back-
ground sedimentation at ODP Site 1123 should differentiate TVZ and ESISS 
sediments within the Bounty Fan, although analysis of the tephra layers 
from Site 1122 would be needed to confirm this. The absence of sediments 
within the BF that are enriched in Si02 and K20 or depleted in Ti02 and 
CaC03 relative to background sedimentation suggests that the geochemical 
signature ofTVZ volcanics is not preserved in BF sediments (Fig. 5.16). Al-
though the sample spacing used in this study is not of sufficient resolution 
to rule out the presence of additional volcanic horizons to those recognised 
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Figure 5.16: UCC normalised average REE concentrations from the major stratigraphic units of the Bounty Fan. Average 
REE values for eastern South Island sedimentary sytem sediments (data from Chapters 3 and 4), Pleistocene marine sediments 
from the Chatham Rise (Carteret al., 1999b), and Quaternary eruptives from the TVZ (Shane, 2000; Sutton et al., 2000) are 
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ocean south of the Chatham rise has been significantly less than to the north 
through the Late Miocene and from the Mid-Pleistocene to present. This is 
consistent with Pleistocene tephra dispersal patterns from the TVZ, which 
rarely disperse as far south as the Bounty Trough (Carter et al., 1985). 
Western Boundary Current 
The DWBC is a major sediment transport mechanism in the deep ocean east 
of New Zealand (e.g. Carter and McCave, 1997; Carteret al., 1999a). It has 
been suggested that the current may be causing sediment unmixing and sand 
mobility across the Bounty Fan (Carter and Carter, 1996). Foraminifera 
in some silty clay beds from unit IIC comprise almost entirely cold water 
Antarctic taxa (Carter et al., 1999a), indicating at least some deposition 
of sediments transported to the BF by the DWBC. Despite these additions, 
the ESISS-supplied BF represents the first substantial sediment input to the 
DWBC. 
The most likely source of non-ESISS sediments carried by the DWBC is 
the west coast of the South Island of New Zealand and the SW South Island 
Fiordland complex (see Fig. 5.7 and Carter and Carter, 1993). It is possible 
that sediments derived from these sources could travel to the Bounty Fan 
either via the deep sea (Solander Channel; Fig. 5.1) or through shallow wa-
ter to the upper Bounty Trough (Fig. 5.7) (Carter and Carter, 1993; Carter 
et al., 1999a). Fiordland-derived sediments have been recognised on the east 
coast of the South Island through heavy mineral studies of shallow-water 
sediments (Bardsley, 1977; Williams, 1979). In addition, high-titanium bi-
otite and high-aluminium muscovite within the Bounty Trough (Carter and 
Mitchell, 1987) are most likely derived from the plutonic and high-grade 
metamorphic rocks of Fiordland (e.g. Gibson, 1979; Ward, 1984). How-
ever, mica in the Bounty Trough is dominated (> 99%) by low-aluminium 
muscovite, which is compositionally identical to muscovite from the Haast 
Schist (Carter and Mitchell, 1987). In contrast, low-aluminium muscovite 
from the Haast Schist has been traced from the Bounty Fan north almost 
to the Kermadec Trench (Carter and Mitchell, 1987). This suggests that 
the primary effect of the DWBC on the Bounty Fan is one of sediment 
sorting and/or removal rather than addition. The main area of deposition 
of DWBC-mobilised sediments appears to be the Chatham Drift further to 
the north (Carter and Mitchell, 1987). Although the presence of miner-
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als 'exotic' to the ESISS system are recognised, they appear to be present 
in insufficient quantities to alter the major or trace element geochemical 
signature of ESISS sediments. 
5.7.3 Tectonic Setting 
Hydraulic differentiation is acknowledged as a complication to provenance 
determinations and tectonic discrimination of sedimentary rocks (e.g. Gar-
cia et al., 2004). Because the Bounty Fan represents the distal terminus 
of a large sedimentary system (ESISS), it is a useful setting to assess the 
geochemical changes associated with one full sedimentary cycle from source 
rock erosion to oceanic deposition. 
The tectonic discrimination diagram of Roser and Korsch (1986) was 
first used in Chapter 3 (Fig. 3.7c) to assess the compositional variation of 
Clutha river sediments. Plotting BF sediments on a carbonate-free basis 
(as discussed in section 5.7.1) allows for comparison to ESISS sediments 
(Fig. 5.17). Predictably, BF sediments display the highest degree of similar-
ity with fine-grained Clutha bedload. The sediments plot in the 'active conti-
nental margin' field. This is a tectonic coincidence that reflects the geochem-
ical signature of parent rocks of the Southern Alps rather than the current 
New Zealand active continental margin. In this case, the physical weath-
ering and hydrological differentiation associated with erosion-transport-and 
deposition have not significantly altered sediment compositions. 
La-Th-Sc and Th-Sc-Zr/10 ternary diagrams of Bhatia and Crook 
(1986) are also useful in illustrating the relationships between parent rocks, 
fluvial bedload, and BF sediments. Bounty Fan sediments plot within the 
'continental island arc' region within La-Th-Sc space (Fig. 5.18a). This 
interpretation disagrees with the known tectonic setting that generated BF 
sediments (active continental margin). However, it has been established that 
the sedimentary evolution of sediments on the eastern slope of the Southern 
Alps is controlled almost exclusively by physical processes, with the result-
ing fluvial sediments displaying similar compositions to parent rocks. It is 
no surprise then, that this similarity is preserved through a successive stage 
of the sedimentary cycle. Figure 5.18a makes it clear that BF sediments 
preserve the signature of the older sedimentary cycle that generated the 
Torlesse and Caples terranes, which are the parent rocks for ESISS sedi-
ments. Torlesse sedimentary rocks were derived from an active continental 
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Figure 5.17: Tectonic discrimination diagram of Roser and Korsch (1986). 
Bounty Fan sediments are plotted on a carbonate-free basis. 
magmatic arc along the Gondwana margin (Frost and Coombs, 1989; Korsch 
and Wellman, 1988; MacKinnon, 1983), and Caples sediments are sourced 
from a combination of intraoceanic magmatic arc and continental magmatic 
arc settings (Frost and Coombs, 1989; MacKinnon, 1983; Roser and Korsch, 
1986; Roser et al., 1992). In essence, the current high physical erosion rates 
in New Zealand have resulted in the 'loss' of one entire sedimentary cycle 
from the geologic record: if Bounty Fan sediments are lithified, they will 
likely preserve no geochemical record of one full sedimentary cycle. 
This interpretation is supported by plotting BF and ESISS sediments in 
Th-Sc-Zr/10 space (Fig. 5.18b). BF sediments and average Torlesse and 
Caples terrane rocks plot within the 'continental island arc' field, but the 
Clutha river silt fraction and sediments display varying Zr concentrations 
as a result of differences in heavy mineral abundance. This suggests that 
hydrodynamic fractionation during the transport of Caples and Torlesse-
derived sediments results in zircon enrichment in the < 63 p,m bedload 
fraction. Less enrichment is observed in BF sediments because zircon (with 
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Figure 5.18: Plot of the compositions of Bounty Fan and Clutha bedload 
sediments, as well as average compositions of Torlesse and Caples terrane 
metasediments (Mortimer and Roser, 1992) in (a) La-Th-Sc and (b) 
Sc-Zr/10 diagrams of Bhatia and Crook (1986). Fields in diagrams: A 
= oceanic island arc, B = continental island arc, C = active continental 
margin, D = passive continental margin. 
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a high specific gravity) is more likely to be deposited in near-shore marine 
environments rather than being transported to the deep ocean. 
5. 7.4 Hydraulic Fractionation Weathering 
Sedimentary transport serves to fractionate mineralogical phases with sim-
ilar physical properties. As seen in the fluvial bedload sediments of Chap-
ter 3, hydraulic fractionation and chemical weathering can create similar 
major element signatures. The chemical changes associated with erosion, 
transport, and deposition of South Island lithologies in the marine envi-
ronment are illustrated by comparisons of Na20, K20, MgO, and Si02 
(Fig. 5.19). The concentration patterns of major element oxides in this 
sedimentary system are controlled by the dominant mineral species present, 
namely albite (Na20), muscovite (K20), chlorite (MgO), and quartz (Si02). 
BF sediments display a high degree of similarity to both Torlesse and 
Caples terrane lithologies (Fig. 5.19). In the absence of river sediment data 
from ESISS rivers, these major element data would suggest that the erosion 
and transport of these rocks has resulted in no discernable change in the 
main mineral proportions of parent rock. In particular, BF sediments dis-
play Na20-K20 relationships that indicate mixing of Torlesse and Caples 
terrane sources (Fig. 5.19a). However, when ESISS river bedload grain size 
data are considered, it becomes apparent that river sediments are depleted in 
K20 and MgO and enriched in Si02 and NaO relative to most BF sediments 
(Fig. 5.19). Si02 enrichment and K20 depletion is particularly apparent in 
the 1 mm-355 ~-tm and 355-63 ~-tm fractions of Clutha bedload. This sug-
gests that erosion and fluvial transport cause mineralogical differentiation 
of source rocks, but that these effects are then modified by changes in the 
marine environment. The following scenario is suggested: erosion and fluvial 
transport result in the differentiation of a silt and finer grain size fraction 
rich in muscovite and chlorite from a sand-size fraction that is rich in quartz 
and albite. In the fluvial environment, this physical weathering process (de-
scribed more fully in Chapter 3) serves mainly to increase the maturity of 
sand-size bedload fractions. 
In contrast, the silt and finer grain size fractions preserve a chemical 
composition more similar to parent rocks. This fraction is preferentially re-
moved to the Bounty Fan because its physical properties make it less likely 
to be incorporated into the near-shore marine environment. The enrichment 
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Figure 5.19: (a) MgO vs. Si02 and (b) K20 vs. Na20 for Bounty Fan 
sediments, Torlesse and Caples terrane whole rocks ((Mortimer and Roser, 
1992), Clutha bedload grain size fractions, and other ESISS river bedload 
sediments (Rangitata, Rakaia, Mataura). 
of BF sediments in MgO and K20 over that of the silt fraction of ESISS 
bedload sediments hints that BF sediments may contain a higher proportion 
of smaller grain-size sediment, which may be inferred (from fluvial sediment 
grain size data) to result from additional enrichment in muscovite and chlo-
rite. 
In the preceding discussion, bedload grain sizes from the Clutha river 
were used along with other ESISS river bedload samples to illustrate the 
similarity between BF sediments and eastern South Island river sediments. 
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Grain size fractions from the Clutha have been utilised to a greater extent 
than other rivers because their variability is better constrained. In addition, 
the sampling of multiple locations ensures that a full representation of the 
Clutha's watershed lithologies are incorporated into the sediments (even if 
sections of the river are isolated from other reaches by lakes). The Clutha has 
the largest watershed on the South Island, and the integrated composition 
of its sediments therefore provides a reasonable estimate for the average 
composition of ESISS sediments. Relations in A-CN-K space were used 
in Chapter 3 to illustrate part of the geochemical variability induced by 
physical weathering in Clutha bedload sediments; a similar approach is used 
here. 
CIA values for BF sediments (corrected for carbonate and phosphate 
CaO, as discussed in section 5.7.1) range from 49 to 74 and increase slightly 
with age through Units (Fig. 5.20). Samples from near the base of 
Unit display the opposite trend; Units II and are characterised by a 
wide range of values with no apparent trends. A major obstacle in inter-
preting CIA values from the BF is the absence of grain-size analyses. As 
demonstrated earlier (Chapter 3), grain size exerts a primary control on 
mineralogical and geochemical fractionation of sediments subject to hydro-
dynamic fractionation. In general, the psammites of the Torlesse and Caples 
terranes (which form the majority of ESISS source material) are charac-
terised by higher albite/muscovite ratios than pelites. Albite has a lower 
CIA value (50) than muscovite ("-'75), and the mixing relationship between 
the two minerals is a primary control on CIA values in ESISS sediments. 
Grain size is likely to account for at least a portion of the variability 
in Figure 5.20 and may be responsible for the near-bimodal distribution of 
samples (i.e. psammite-pelite pairs may result in the short wavelength vari-
ability within each unit). Overall, the CIA trends are difficult to interpret in 
the absence of grain size data for each sample. Although the increase in av-
erage CIA values with increasing depth through units could be taken 
to represent a gradual increase in ESISS sediment weathering intensity, it 
could also result from Caples-Torlesse sediment mixing or down-core grain 
size fining. In this case, grain size fining may reflect an actual down-core 
trend or an artifact of core recovery, which declines with depth (Fig. 5.3). 
Poor core recovery is thought to result from the preferential washout of 
poorly consolidated sand-size layers (Carter et al., 1999a), and the absence 
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Figure 5.20: CIA values vs. sample depth. Average values for each strati-
graphic unit are represented by large open circles. 
likely to produce higher CIA values even in the absence of increased mineral 
alteration state. 
Plotting BF major element compositions in Ab03 - CaO + Na20 -
K20 (A-CN-K) space sheds additional light on the potential controlling 
mechanisms behind CIA variations. BF sediments define a line that ex-
tends from albitic compositions toward a tie-line connecting smectite and 
illite/muscovite ideal compositions (Fig. 5.21). This trend deviates from the 
predicted chemical weathering trend (arrow, Fig. 5.21), which parallels the 
A-CN axis. A similar trend is observed in Clutha river bedload sediments, 
which are characterised by a mixing trend between feldspar and muscovite 
(also see Chapter 3, Fig. 3.10). Although oblique deviations from ideal 
weathering trends have been interpreted to reflect potassium metasomatism 
(Fedo et al., 1995), but sediments have not been metamorphosed. Analy-
ses of muscovite grains from the Haast Schist (Brown, 1967) are also plotted 
in Fig. 5.21. These cluster near A70 , indicating that BF samples are not 
defined by plagioclase-muscovite mixing alone. 
As discussed in Chapter 3, Clutha river bedload samples may be com-
positionally defined in A-CN-K space by the mixing of plagioclase and 
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Figure 5.21: Al203-CaO + Na20-K20 (A-CN-K) triangle (molar proportions) displaying Bounty Fan sediments, Clutha 
river bedload grain size fractions, and Haast Schist muscovite of Brown (1967). The relationship between A-CN-K space 
and the CIA scale (Nesbitt and Young, 1982) is shown on the left side of the diagram. Abbreviations: Ka = kaolinite, Gib 
= gibbsite, Sm = smectite, IL = illite, Mu = muscovite, = plagioclase, Ks = K-feldspar. 
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muscovite. Many BF sediments display nearly identical compositions; those 
that do not contain a greater proportion of Al203, which causes them to 
plot closer to the A-apex (kaolinite, gibbsite) and define a trend between a 
plagioclase-rich composition and a mixture of muscovite/smectite or a more 
Al-rich species. Plots of major elements vs. Al20 3 (Fig. 5.15) have already 
established the geochemical similarity between Clutha silt bedload and fine 
sand-size fractions. The predominance of physical weathering within Clutha 
bedload sediments may result in the preferential removal of muscovite to sus-
pended sediment. It is no surprise then, that these fine-grained sediments, 
which are carried more 'efficiently' to the ocean than other bedload phases, 
are also found in greater abundance in many of the sediments that represent 
the distal terminus of the ESISS system. The preferential removal of mica-
ceous species from ESISS river bedload to the Bounty Fan is supported by 
the petrographic study of Carter and Mitchell (1987), which indicates that 
mica derived almost exclusively from the Haast Schist comprises "'30% of 
Bounty Fan sand-size sediment. This is a greater proportion than that found 
in most Clutha bedload sands ("' 10-20%), suggesting that at least a portion 
of muscovite removed from Clutha bedload (see Chapter 3) is subsequently 
deposited in BF sediments. 
Of particular importance to this interpretation is the explanation of the 
deviation of BF sediments from the mixing line defined by plagioclase-Haast 
Schist muscovite. AbOs enrichment of BF sediments relative to Clutha 
bedload most likely results from the incorporation of smectite and/or kaoli-
nite. Given that some sediments appear to contain a greater proportion 
of mineral phases interpreted to be carried preferentially in suspended loads 
(muscovite and clays), it makes sense that the effects of other minerals found 
in greater abundance in suspended sediment are likely to affect the bulk geo-
chemistry of BF sediments. BF sediments trend toward a composition that 
is still influenced by muscovite, but the presence of a silicate weathering 
product (kaolinite or smectite) that was likely masked in Clutha bedload 
sediments is complementary to the overall interpretation of chemical weath-
ering in New Zealand. 
5. 7. 5 Mineral Controls on Distribution 
The hydraulic fractionation processes that modify the major elemental com-
positions of BF sediments are further illustrated by REE data. Titanite, 
apatite and zircon are all REE-bearing phases identified in Clutha river 
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bedload (Chapter 3, section 3.4.4), and these likely control REE concentra-
tions in ESISS and BF sediments. BF Zr, P, and Ti relationships with total 
REE (Z:REE; total lanthanides in this case) are consistent with a combina-
tion of zircon, apatite, and titanite as the dominant REE-bearing minerals 
(Fig. 5.19). Z:REE concentrations in BF sediments are also similar to 355-
63 mm and < 63 J-tm grain size fractions from Clutha bedload (Fig. 5.22) 
and reinforce the similarity first indicated by major element comparisons. 
The absence of elevated P concentrations over ESISS sediments in BF 
samples suggests that additions of P-bearing biogenic detritus are not suffi-
cient to alter P-Z:REE relationships. P is an important nutrient in seawater 
and has been used as a proxy for paleoceanic nutrient availability in deep sea 
sediments (e.g. Weedon and Hall, 2004) because it is removed from seawater 
by its incorporation into biologically precipitated fluorapatite (Gulbrandsen 
and Roberson, 1973). Likewise, the similarity of Ti-Z:REE concentrations 
between ESISS and sediments indicates that the high-Ti biotite found 
by Carter and Mitchell (1987) in Bounty Trough sediments does not result 
in a noticeable increase in Ti concentrations. 
High-Ti biotite in Bounty Trough sediments was interpreted by Carter 
and Mitchell (1987) to reflect a Stewart Island or Fiordland plutonic rock 
signature. These biotites constitute < 4% of the total mica fraction, which 
itself constitutes 1-18% of the sand fraction in Bounty Trough sediments 
(Carter and Mitchell, 1987). This results in a maximum total of < 1% 
biotite in a bulk sample. High-Ti biotites contain rv3% Ti02, which results 
in the addition of rv300 ppm Ti to a bulk sample. This signal is easily lost 
in 'background' Ti concentrations in titanite from ESISS sources. 
5.7.6 Component Analysis 
Principle component analysis (PCA) is a mathematical method for assessing 
correlations between the variables of a multivariate dataset. The method has 
been used in heavy mineral provenance studies (e.g. Clemens and Komar, 
1988; Pirkle et al., 1984, 1985) and geochronological data analysis (Sircombe, 
2000). goal of PCA analysis is to take a large set of multivariate data 
(e.g. major and trace element compositions) and reduce it into a smaller 
population of variables while retaining most of the original variability of the 
data set. PCA analysis generates components that are combinations of the 
original variables; these must be interpreted in terms of a priori knowledge 
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Figure 5.22: I:REE vs. Zr, P, and Ti for Bounty Fan samples and Clutha 
river grain size fractions. 
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of the geological processes that control the original sediment composition. 
This method of data reduction was utilised to assess the dominant rela-
tionships between major and trace elemental concentrations. In the interest 
of brevity however, the full discussion of these statistical manipulations is 
presented in Appendix E. PCA analysis confirms several points made earlier 
in the discussion, particularly that the dominant controls on BF sediment 
composition may be described in terms of ESISS-derived mineralogical mix-
ing relationships. Therefore, those readers interested in PCA analysis or its 
application to geological problems should refer to Appendix E for a complete 
discussion. 
5.8 Conclusions 
• Bounty Fan sediments are composed dominantly of eastern South Is-
land sedimentary system (ESISS) sediments and biogenic carbonate. 
The contributions of sediment from Deep Western Boundary Current 
(DWBC) appear to be minimal, with the current acting primarily to 
rework and remove sediment from the (e.g. Carter and Mitchell, 
1987). Volcanic additions to the BF occur as discrete tephra layers 
within the fan; these do not correspond to the intervals sampled in this 
study, and there is no significant 'background' signal of volcanically-
derived sediment to the BF. The relationship between ESISS and bio-
genic carbonate input to the is controlled primarily by glacial-
interglacial cyclicity, but the sampling resolution employed in this 
study is more effective at revealing the secondary control, which is 
the overall rate of ESISS sedimentation during the Pleistocene. 
• Despite carbonate additions, the ESISS component of BF sediments 
dominates major and trace element compositions (excepting CaO and 
Sr). A few minerals control the major and trace element variations 
in BF sediments, leading to relatively simple mixing relationships. 
Hydraulic grain-size fractionation effects are mostly responsible for 
the composition of BF sediments. In particular, the mixing relation-
ships between feldspar (albite), muscovite, and clay minerals define the 
range of sediment compositions. The hydrodynamic fractionation 
of finer grain size sediments from coarser and heavier phases in both 
fluvial and marine environments results in their preferential transport 
to the distal terminus of ESISS. Although the amount of chemical 
weathering that has taken place in ESISS sediments is minimal, 
sediments appear to contain a small proportion of clay minerals de-
rived from chemical weathering of silicates. 
• ESISS sediments deposited in the BF are nearly geochemically iden-
tical to their source rocks; this suggests that the sedimentary cycle 
of erosion, transport, and deposition associated with the uplift of the 
Southern Alps proceeds with minimal geochemical alteration of parent 
materials. Mineral sorting in fluvial and marine environments serves 
to fractionate a sand size quartz and albite-rich fraction from a silt and 
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finer muscovite and chlorite-rich fraction. The preferential incorpora-
tion of this finer fraction in the deep marine sedimentary record (BF) 
results in sediments with geochemical compositions very similar to par-
ent rocks. BF parent rocks are metasediments originally deposited in 
a Mezozoic marine environment. These parent rocks preserve the geo-
chemical composition of their own sources. In essence, this confirms 
that sedimentary rocks can undergo two or more phases of sedimentary 
recycling without substantial alteration of 'grandparent' rock compo-
sition. Such preservation requires high physical erosion rates and the 





In addition to implementing a new analytical method that allows major and 
trace element analysis on a single sample split at the University of Otago, 
this thesis presents data pertaining mainly to New Zealand fluvial sedimen-
tary evolution and elemental fluxes. Rather than reproduce verbatim a 
portion of each chapter's conclusions here, the following brief synopsis will 
take a more generalised approach in an attempt to emphasise the fact that 
the fluvial/marine sedimentary transport system described herein is a re-
markably interconnected and coherent whole that was broken into sections 
to facilitate presentation. 
The story begins in the headwaters of the every New Zealand river, 
each of which serves to collect the sediment generated in weathering profiles 
and soils of its catchment. In the high-sediment producing regions of the 
western South Island and the eastern North Island, sediment production 
and removal are particularly efficient. Comparison of fluvial bedload sedi-
ments from rivers draining the Southern Alps (Haast and Clutha) suggests 
that weathering in this region is strongly partitioned between the chemi-
cal weathering of carbonates prior to entry to the fluvial system and the 
physical weathering of silicates in the river bed. During sedimentary trans-
port, physical weathering proceeds via the preferential attrition and removal 
of muscovite and chlorite from sand-size bedload, which becomes relatively 
enriched in quartz and feldspar. 
Like the Haast and Clutha rivers, many of the high sediment-yielding 
rivers of New Zealand drain sedimentary rocks and their metamorphic equiv-
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alents. Because the chemical weathering signature associated with these 
sediments is weakly developed, they display a high degree of similarity to 
their parent rocks. Overall, the geochemical composition of New Zealand 
river particulates is more similar to estimates of the average elemental abun-
dances of the upper continental crust (UCC) than is typical for particulates 
from other world rivers. If New Zealand fluvial sediment composition is used 
as a proxy for all high standing islands, it becomes apparent that estimates 
of global fluvial elemental fluxes based only on a few rivers draining large 
portions of continental crust tend to overestimate the transport of transition 
metals and lead. Recalculation of global fluvial elemental fluxes to reflect 
the importance of HSI and Asian river sediments results in a greater agree-
ment between observed elemental fluxes and theoretical estimates based on 
world average soil composition and estimates of average UCC composition. 
Because most New Zealand watersheds are characterised by relatively steep 
relief and the absence of large floodplains, the majority of sediment trans-
ported by the rivers is injected directly into the marine environment. 
In the case of the ESISS river system, the entry of fluvial sediment to 
the marine environment appears to result in the further differentiation of 
clay and micaceous phases from quartz and feldspar. After up to rv900 km 
of transport via turbidity currents, ESISS sediments are deposited in the 
Bounty Fan. These sediments preserve the geochemical signature of their 
parent rocks, which themselves are Mesozoic sedimentary rocks now exposed 
along the Australian-Pacific plate boundary. These parent rocks reflect the 
geochemical signature of their own parent rocks (the 'grandparent' rocks of 
BF sediments). In essence, two full sedimentary cycles have been lost to the 
geological record: if BF sediments are lithified, they will preserve little to 
no geochemical signature of their multi-stage history. 


A Few Interesting Questions Raised by Thesis 
This project was a first, broad attempt to look at the first-order effects 
that the sedimentary processes operating in a high-relief environment have 
on fluvial sediment geochemistry. A number of interesting questions were 
encountered on the periphery of the material covered in this thesis; these 
would form suitable topics or starting points for future theses. The topics 
are presented via a few main questions: 
(1) The Clutha river watershed drains one of the most lithologically 
diverse regions of New Zealand. A better understanding of the relative 
contribution of each rock type to river sediment would be useful. Essentially, 
this thesis has 'lumped,' lithologies rather than splitting them. A more 
focussed project on Clutha river sediment sources (petrography, etc.) and 
their relative abundance (i.e. quantification of differential erosion rates) 
might serve to further clarify the geochemical trends presented in this work. 
An important question: Is it possible to quantify the mixing relationship 
between upstream and local bedload sediment sources? 
(2) Much of the coarse sand fraction of Clutha bedload is transported by 
longshore drift to the north along the east coast of New Zealand. Dunedin 
beach sands are Clutha-derived quartz sands. Further to the north, however 
(e.g. Moeraki), the sands are dominated by less quartz-rich Torlesse-derived 
sediments. It would be a fascinating study to trace the evolution of Clutha 
sands from the mouth of the river to the north as they are reworked in the 
shallow marine environments. Ultimately, are these sediments diluted by 
Torlesse material, or are they transported further offshore? 
(3) One problem associated with estimating the average fluvial geochem-
istry of New Zealand river sediment is the difficulty in assessing the relative 
abundance of each grain size fraction discharged to the marine environment. 
There is no doubt that New Zealand bedload sediment transport is a large 
(but unquantified) proportion of total sediment flux. This kind of data is 
very hard to aquire- and potentially dangerous because of the need to sam-
ple during flood events. Thus, the question remains: What is the grain size 
distribution of sediments carried by high-yield rivers from New Zealand? 
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Table A.l: Haast and Clutha bedload normative mineral determinations. 
Abbreviations: Qtz= quartz, Alb= albite, Ep= epidote, Sph= sphene (ti-
tanite), Muse= muscovite, Chl= chlorite, Ap= apatite, Bio= biotite, Ilm= 
imenite. 






43.1 23.S 3.9 1.4 14.0 13.2 0.4 99.6 0.7 
46.S 22.7 2.9 1.1 13.4 12.3 0.3 99.7 0.6 
60.3 24.3 1.4 0.7 S.9 6.S 0.3 99.9 0.2 
67.S 22.7 1.9 0.3 2.0 4.7 0.1 99.6 0.1 
70.S 22.7 0.9 0.2 l.S 3.4 0.1 99.7 0.1 
CAl 1-3SS 41.3 22.5 4.S 1.6 14.9 14.2 0.4 99.S O.S 
CA2 1-3SS 41.S 17.3 3.6 1.6 19.5 1S.3 0.4 99.3 0.9 













CA7 l-3SS 70.S 19.1 1.4 O.S 3.S 
CAS 1-3SS 7S.4 1S.4 l.S 0.4 2.7 
CA9 1-3SS 79.2 14.S 1.0 0.2 1.9 
CAll 1-3SS 76.S 1S.4 l.S 0.3 2.4 

























CAl 3SS-63 41.4 22.S 6.0 1.9 13.4 13.3 0.4 99.7 0.7 
CA2 3SS-63 44.4 19.3 4.3 l.S 15.5 14.1 0.3 99.S O.S 
CA3 35S-63 53.6 29.2 2.7 1.1 4.7 7.9 0.3 99.9 0.4 
CA4 3SS-63 61.7 24.9 2.3 O.S 4.4 5.3 0.2 100.0 0.2 
CAS 3S5-63 4S.9 3S.l 2.5 0.6 3.S 
CA6 355-63 49.6 35.6 4.4 0.7 1.3 
CA7 35S-63 6S.S 2S.O 1.7 0.3 2.9 

















CA9 3SS-63 6S.9 25.0 2.0 0.4 2.6 
CAlO 355-63 SS.S 29.S 2.S 0.5 2.7 
CAll 3S5-63 54.6 2S.9 3.7 0.7 4.3 
CA12 355-63 S7.7 29.2 3.2 0.6 2.9 
CAl 63 p 
CA2 63 p 
CA3 63 p 
CA4 63 p 
CAS 63 p 
CA6 63 p 
CA7 63 p 
CAS 63 p 
CA9 63 p 
CAlO 63 p 
CAll 63 p 
CA12 63 p 
25.9 29.6 s.s 1.7 17.6 16.1 0.4 97.S 
1S.6 25.1 7.3 2.4 24.9 19.1 0.9 9S.9 
31.6 31.4 7.7 2.2 11.4 12.4 o.s 9S.O 
3S.S 33.2 6.6 l.S S.9 9.0 0.7 99.6 
27.7 24.0 13.3 3.1 12.6 16.2 o.s 9S.2 
31.4 24.0 s.o 2.5 14.7 16.S 0.6 9S.S 
30.5 31.7 9.1 2.1 9.S 14.5 0.6 9S.9 
36.S 2S.S 9.5 1.7 9.4 11.4 0.5 9S.S 
30.0 32.0 16.0 2.4 S.l 9.4 1.0 99.3 
39.S 30.3 11.0 1.6 6.2 9.4 0.6 99.3 
33.5 30.9 11.0 2.0 9.0 10.9 0.6 9S.S 






















Table A.2: Haast bedload normative mineral calculations (abbreviations as 
in A.l) 
Sample No. 
HA 1 2-1 
HA 2 2-1 
HA 3 2-1 
HA 4 2-1 
HA 5 2-1 
HA 7 2-1 
Qtz Alb Chl Muse Ep Ap Sph Bio lim TOTAL Residual SSQ 
39.8 23.3 15.7 15.3 3.7 0.3 1.5 0.2 0.2 100.0 0.8 
43.1 22.9 13.5 14.3 3.6 0.3 1.4 0.2 0.2 99.6 0.7 
49.9 24.3 11.1 10.1 2.8 0.3 1.2 0.1 0.1 100.0 0.4 
58.6 22.4 7.7 7.8 1.9 0.3 0.7 0.1 0.2 99.9 0.3 
59.7 20.8 3.9 8.4 3.0 0.2 0.0 3.2 0.7 99.9 0.1 
67.8 18.1 3.0 5.6 2.1 0.2 0.0 2.5 0.6 99.9 0.1 
HA 1 1-355 38.7 21.8 16.3 16.4 4.2 0.3 1.6 0.1 0.2 99.6 0.8 
HA 2 1-355 40.5 23.2 14.3 15.2 4.1 0.4 1.5 0.1 0.2 99.6 0.8 
HA 3 1-355 38.6 23.9 15.2 15.2 3.9 0.4 2.0 0.1 0.2 99.5 0.7 
HA 4 1-355 41.0 24.3 5.3 16.4 4.9 0.3 0.0 6.2 1.2 99.7 0.1 
HA 5 1-355 54.9 22.0 3.9 10.3 3.6 0.3 0.0 4.1 0.9 99.9 0.1 
HA6 1-355 33.4 18.2 10.8 20.3 5.9 0.3 0.0 8.5 1.7 99.1 0.1 
HA 7 1-355 61.2 19.5 3.7 8.5 2.9 0.2 0.0 3.3 0.7 100.0 0.1 
HA 1 355-63 23.3 27.7 18.9 20.9 5.2 0.5 1.9 0.1 0.2 98.6 1.2 
HA 2 355-63 40.8 24.2 13.5 13.9 4.9 0.4 1.6 0.1 0.2 99.5 0.7 
HA 3 355-63 37.8 29.2 14.3 11.2 4.6 0.4 1.9 0.1 0.2 99.7 0.6 
HA 4 355-63 42.0 27.2 4.8 13.8 5.1 0.3 0.0 5.2 1.2 99.7 0.1 
HA 5 355-63 47.8 25.6 4.2 11.0 5.1 0.3 0.0 4.6 1.2 99.8 0.1 
HA 6 355-63 44.2 27.8 4.8 11.7 5.1 0.3 0.4 4.5 1.0 99.8 0.1 
HA 7 355-63 47.1 25.0 4.5 11.2 5.5 0.3 0.1 4.6 1.5 99.9 0.1 
HA 1 63 
HA 2 63 
HA 3 63 
HA4 63 
HA 5 63 
HA 6 63 
HA 7 63 
38.3 22.9 15.9 15.4 4.8 0.3 1.6 0.1 0.2 99.6 
30.6 33.5 13.2 12.9 6.2 0.6 1.6 0.1 0.2 98.9 
27.5 29.3 17.2 12.3 8.9 0.9 2.8 0.1 0.2 99.2 
25.4 31.7 6.8 18.2 7.4 0.6 0.1 7.2 1.5 99.0 
27.2 31.8 8.1 16.2 7.4 0.5 0.2 6.8 1.4 99.6 
32.2 33.2 6.4 12.4 7.6 0.6 0.5 5.2 1.2 99.3 
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Table B.1: Haast and Clutha bedload sediment major element data (size 
fractions: 2~ 1= 2-1 mm, 1-355= lmm-355 f.Lm, 355-63= 355-63 f.Lm, < 63= 
< 63 f.Lm). Sample numbers correspond to Fig. 3.2. 
Si02 Ti02 Al20 3 Fe,O,' MnO MgO CaO Na,O K,O P,O, LOI Total 
HA 1 2-1 68.88 0.61 14.77 5.1 0.08 1.75 1.47 3.02 2.35 0.16 2.20 100.39 
HA 1 1-355 67.71 0.65 15.17 5.35 0.08 1.83 1.59 2.86 2.51 0.16 2.33 100.24 
HA 1 355-63 59.53 0.79 18.83 6.26 0.09 2.08 2.01 3.62 3.17 0.23 3.03 99.64 
HA 1 63 67.69 0.68 15.08 5.31 0.08 1.8 1.77 2.97 2.37 0.15 2.24 100.14 
HA 2 2-1 70.82 0.56 13.8 4.46 0.07 1.52 1.42 2.97 2.23 0.14 2.18 100.17 
HA 2 1-355 69.29 0.61 14.47 4.76 O.Q7 1.65 1.65 3.04 2.4 0.15 2.13 100.22 
HA 2 355-63 69.71 0.64 14.18 4.59 0.07 1.57 1.88 3.13 2.23 0.14 2.02 100.16 
HA 2 63 65.92 o.65 15.87 4.65 om 1.55 2.28 4.23 2.o8 0.22 1.98 99.50 
HA 3 2-1 75.66 0.5 11.73 3.63 0.06 1.26 1.18 3.08 1.61 0.12 1.52 100.35 
HA 3 1-355 68.15 0.8 14.78 4.94 0.08 1.8 1.75 3.1 2.36 0.15 2.12 100.03 
HA 3 355-63 69.18 0.76 14.24 4.75 0.07 1.72 1.87 3.7 1.83 0.15 1.85 100.12 
HA 3 63 62.2 1.11 16.38 6.12 0.1 2.1 3.41 3.76 2.05 0.33 2.36 99.92 
HA 4 2-1 80.71 0.33 9.55 2.63 0.05 0.91 0.83 2.8 1.25 0.08 1.20 100.34 
HA 4 1-355 70.81 0.63 14.11 4.26 0.06 1.53 1.31 2.86 2.55 0.14 2.07 100.33 
HA 4 355-63 72.18 0.63 13.5 3.88 0.06 1.35 1.39 3.2 2.15 0.13 1.80 100.27 
HA4 63 62.88 0.8 17.3 5.36 0.08 1.86 2.1 3.73 2.87 0.25 2.48 99.71 
HA 5 2-1 81.24 0.33 9.26 2.6 0.04 0.93 0.81 2.45 1.31 0.09 1.15 100.21 
HA 5 1-355 78.63 0.43 10.43 3.04 0.05 1.07 0.98 2.57 1.59 0.1 1.37 100.26 
HA 5 355-63 75.21 0.64 11.87 3.55 0.06 1.19 1.38 3.01 1.75 0.12 1.50 100.28 
HA 5 63 64.03 0.78 16.79 5.52 0.08 1.97 2.1 3.75 2.58 0.22 2.34 100.16 
HA 6 1-355 63.55 0.85 16.19 6.7 0.08 2.55 1.52 2.14 3.25 0.14 3.27 100.24 
HA 6 355-63 73.67 0.67 12.73 3.59 0.06 1.23 1.47 3.28 1.83 0.13 1.60 100.26 
HA 6 63 67.36 0.81 15.11 4.63 0.07 1.54 2.27 3.91 1.98 0.27 1.91 99.86 
HA 7 2-1 85.37 0.22 7.18 2.05 0.03 0.68 0.59 2.11 0.89 O.Q7 0.91 100.10 
HA 7 1-355 81.79 0.35 8.95 2.58 0.04 0.89 0.8 2.3 1.33 0.09 1.17 100.29 
HA 7 355-63 74.46 0.79 12.04 3.83 0.07 1.21 1.49 2.95 1.78 0.13 1.49 100.24 
HA 7 63 69.87 0.79 14.16 3.94 O.Q7 1.25 2.21 4.14 1.59 0.28 1.66 99.96 
CA 1 2-1 71.12 0.56 13.79 4.41 O.Q7 1.5 1.5 3.04 2.19 0.14 1.95 100.27 
CA 1 1-355 69.6 0.64 14.28 4.76 O.Q7 1.63 1.75 2.95 2.36 0.15 2.07 100.26 
CA 1 355-63 69.62 0.74 13.94 4.68 0.08 1.55 2.18 2.98 2.16 0.14 1.95 100.02 
CA 1 63 61.36 0.72 17.48 5.5 0.09 1.8 2.09 3.79 2.67 0.2 3.69 99.39 
CA 2 2-1 73.31 0.44 12.98 4 0.06 1.4 1.19 2.92 2.08 0.13 1.80 100.31 
CA 2 1-355 68.22 0.63 15.09 4.99 0.07 1.75 1.55 2.37 2.97 0.15 2.39 100.18 
CA 2 355-63 70.55 0.6 13.8 4.71 O.Q7 1.6 1.63 2.57 2.42 0.13 2.14 100.22 
CA 2 63 55.89 0.95 20.37 6.52 0.11 2.27 2.96 3.38 3.77 0.33 3.15 99.70 
CA 3 2-1 82.31 0.26 8.85 2.21 0.04 0.74 0.66 2.98 0.94 0.08 0.89 99.96 
CA 3 1-355 82.14 0.31 8.78 2.34 0.04 0.76 0.77 2.84 0.98 O.Q7 0.99 100.02 
CA 3 355-63 79.27 0.42 9.86 2.78 0.08 0.71 1.08 3.59 0.85 0.11 1.14 99.89 
CA 3 63 65.33 0.9 15.09 4.63 0.1 1.4 2.86 3.93 1.8 0.32 3.20 99.56 
CA 4 1-355 80.29 0.51 8.22 4.13 0.05 1.29 0.77 1.53 1.55 O.Q7 1.69 100.10 
CA 4 355-63 83.38 0.34 8.24 1.91 0.04 0.54 0.87 3.05 0.75 0.09 0.78 99.99 
CA 4 63 71.19 0.75 13.43 3.52 0.08 0.97 2.46 4.09 1.41 0.31 1.53 99.74 
185 
Table B.l: cont. 
CA 5 2-1 
CA 5 1-355 
CA 5 355-63 
CA 5 63 
CA 6 2-1 
CA 6 1-355 
CA 6 355-63 
CA 6 63 
CA 7 1-355 
CA 7 355-63 
CA 7 63 
CA 8 1-355 
CA 8 355-63 
CA 8 63 
CA 9 1-355 
CA 9 355-63 
CA 9 63 
SiO, TiO, Al,O, Fe,O,' MnO MgO CaO Na,O K,O P,O, LOI Total 
86.44 0.15 6.69 1.64 0.03 0.46 0.54 2.74 0.37 0.06 0.66 99.78 
85.56 0.23 7.29 1.68 0.03 0.5 0.5 2.66 0.64 0.06 0.82 99.97 
79.44 0.28 10.68 1.92 0.04 0.52 0.85 4.57 0.61 0.13 0.78 99.82 
60.28 1.3 16.31 6.57 0.16 1.61 4.39 3.11 2.05 0.44 2.92 99.14 
88.23 0.1 6.08 1.12 0.02 0.37 0.31 2.73 0.32 0.05 0.43 99.76 
87.38 0.18 6.32 1.33 0.03 0.4 0.44 2.64 0.42 0.05 0.52 99.71 
78.64 0.33 10.19 3.03 0.09 0.52 1.17 4.37 0.51 0.13 0.66 99.64 
62.98 1.03 15.97 6 0.13 1.82 2.87 3.13 2.34 0.28 2.81 99.36 
87.28 0.19 6.31 1.43 0.03 0.45 0.5 2.32 0.56 0.05 0.67 99.79 
86.06 0.19 7.22 1.3 0.02 0.42 0.53 2.99 0.48 0.04 0.63 99.88 
64.81 0.87 15.35 5.4 0.11 1.69 3.09 3.98 1.64 0.25 2.55 99.74 
89.12 0.18 5.35 1.39 0.03 0.4 0.57 1.88 0.45 0.05 0.64 100.06 
80.36 0.31 9.2 3.44 0.07 0.53 1.16 3.65 0.55 0.1 2.10 101.47 
68.18 0.71 14.08 4.55 0.12 1.32 3.01 3.57 1.45 0.23 1.85 99.07 
91.41 0.1 4.42 0.86 0.02 0.27 0.33 1.79 0.31 0.03 0.45 99.99 
86.11 0.18 7.15 1.32 0.03 0.39 0.61 3 0.43 0.06 0.59 99.87 
64.98 0.96 15.29 4.74 0.11 1.14 4.98 3.89 1.2 0.41 2.50 100.20 
CA 10 355-63 83.04 0.24 8.57 1.8 0.03 0.45 0.88 3.59 0.49 0.1 0.71 99.90 
CA 10 63 70.44 0.69 13.04 4.19 0.09 0.99 3.37 3.73 1.04 0.29 1.91 99.78 
CA 11 1-355 89.72 0.14 
CA 11 355-63 79.88 0.3 
4.98 1.16 0.03 0.34 0.46 1.87 0.39 0.04 0.86 
9.67 2.49 0.05 0.66 1.12 3.52 0.74 0.11 1.31 
99.99 
99.85 
99.63 CA 11 63 66.57 0.81 14.56 4.57 0.1 1.28 3.5 3.8 1.38 0.27 2.79 
CA 12 1-355 91.17 0.12 4.32 0.98 0.02 0.33 0.41 1.65 0.31 0.04 0.66 100.Ql 
CA 12 355-63 81.98 0.26 8.82 2.16 0.06 0.51 0.94 3.55 0.57 0.1 1.01 99.96 










81.30 0.48 7.95 3.45 0.05 1.11 0.77 1.59 1.48 0.07 1.39 99.64 
70.28 0.60 13.87 3.42 0.05 1.15 1.97 4.02 1.80 0.27 1.95 99.38 
71.80 0.58 13.10 3.45 0.05 1.15 1.75 3.45 1.84 0.20 2.19 99.56 
85.80 0.23 6.57 1.97 0.03 0.57 0.78 1.87 0.83 0.07 0.93 99.65 
63.60 0.67 15.44 4.46 0.10 1.31 2.36 3.32 1.56 0.17 5.90 98.89 
75.28 0.47 10.48 3.97 0.09 1.04 1.81 1.92 1.29 0.14 3.67 100.16 
92.54 0.11 3.17 0.89 0.02 0.27 0.40 0.70 0.46 0.04 0.96 99.56 
83.13 0.27 6.89 1.77 0.04 0.53 0.87 1.76 0.97 0.08 2.14 98.45 
68.22 0.59 13.92 3.92 0.11 1.16 1.60 2.60 2.03 0.21 6.20 100.56 
Table B.2: Haast and Clutha bedload trace element data. Abbreviations as in Table B.l. 
Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
HA I 2-1 15.25 16.00 76.80 224.00 21.40 160.50 8.24 0.80 3.76 437.50 23.30 47.45 5.43 22.15 4.58 1.02 4.40 3.84 0.79 2.25 2.20 0.34 4.37 0
.64 10.13 1.95 
HA I 1-355 15.90 16.75 81.15 247.50 23.10 170.00 8.74 0.86 3.99 469.00 25.90 52.25 5.94 24.65 4.83 1.08 4.47 4.16 0.87 2.33 2.30 0.36 4.61 
0.68 11.15 2.12 
HA I 355-63 19.95 21.05 104.00 300.50 32.50 280.00 10.60 1.05 5.28 596.50 32.75 66.95 7.74 32.15 6.79 1.46 6.25 5.84 1.21 3.23 3.28 0.54 7.28 
0.90 14.70 2.98 
HA 1 63 17.00 16.90 76.25 285.00 25.30 187.50 8.98 0.86 3.77 455.00 30.50 60.45 6.93 28.35 5.61 1.18 5.12 4.59 0.93 2.44 2.56 0.39 5.06 0
.73 11.85 2.28 
HA 2 2-1 14.15 14.65 72.40 215.00 20.10 163.00 7.60 0.92 3.48 405.00 22.55 46.10 5.24 21.25 4.38 0.93 4.!0 3.64 0.76 2.09 2.13 0.35 4.23 
0.62 10.55 2.05 
HA 2 1-355 14.60 15.95 79.00 258.50 21.50 165.00 8.48 0.79 3.75 445.00 25.55 50.95 5.76 23.05 5.01 1.00 4.43 3.88 0.80 2.18 2.19 0.34 4.47 
0.73 11.50 2.21 
HA 2 355-63 15.30 16.00 73.60 302.50 23.30 184.00 9.21 0.85 3.51 423.00 31.50 61.65 6.96 27.20 5.26 1.15 4.85 4.21 0.86 2.35 2.29 0.36 4.89 
0.74 12.65 2.44 
HA 2 63 18.40 17.00 67.80 353.00 29.75 363.00 8.92 0.90 3.38 396.50 34.80 69.05 7.90 32.15 6.72 1.42 5.67 5.31 1.09 3.03 2.99 0.46 9.21 0
.73 14.35 2.99 
HA 3 2-1 11.60 11.60 50.60 167.50 14.90 131.00 8.92 0.81 2.27 323.00 18.20 36.40 4.13 17.20 3.90 0.86 3.46 2.88 0.57 1.55 1.59 0.24 3.50 0
.57 9.10 1.41 
HA 3 1-355 15.90 16.75 74.10 228.00 22.90 187.50 13.40 0.85 3.28 456.50 26.90 54.95 6.21 25.80 5.45 1.25 4.72 4.18 0.89 2.31 2.37 0.35 4.89 
0.92 12.35 2.11 
HA 3 355-63 15.05 14.65 57.35 240.50 21.35 168.50 11.90 0.83 2.62 354.00 25.50 50.90 5.70 23.65 4.78 1.15 4.39 3.86 0.77 2.11 2.13 0.33 4.32 
0.81 10.20 1.84 
HA 3 63 23.05 19.75 64.75 411.00 37.65 369.00 17.70 0.92 3.12 409.00 42.90 85.85 9.95 40.95 8.37 2.01 7.89 6.82 1.40 3.72 3.72 0.54 9.13 1
.20 16.05 3.19 
HA 4 2-1 9.95 9.22 40.15 144.50 10.95 110.00 5.92 0.69 1.78 235.50 15.05 29.80 3.25 13.00 2.53 0.61 2.43 1.96 0.44 1.15 0.96 0.16 2.74 0
.43 6.66 1.25 
HA 4 1-355 13.85 15.70 83.75 218.50 20.50 182.00 10.60 0.80 3.74 467.00 26.65 54.10 5.91 23.95 4.79 1.02 4.27 3.79 0.76 2.14 2.00 0.33 4.76 
0.80 11.95 2.18 
HA 4 355-63 13.20 14.70 70.30 239.00 20.65 174.50 10.60 0.85 3.14 400.50 31.00 59.85 6.57 25.65 5.11 1.07 4.41 3.78 0.77 2.10 2.12 0.30 4.44 
0.85 12.90 2.45 
HA 4 63 17.20 19.50 92.65 308.50 28.50 539.50 12.70 0.89 4.29 538.50 34.90 70.10 7.83 31.85 6.36 1.39 5.69 5.14 1.07 2.94 3.05 0.51 13.25 1
.03 15.05 3.28 
HA 5 2-1 9.74 9.25 41.90 135.50 10.95 102.50 6.47 0.72 1.92 240.00 15.25 30.60 3.34 13.15 2.58 0.61 2.33 2.08 0.42 1.08 1.09 0.16 2.61 0
.44 6.73 1.26 
HA 5 1-355 10.70 10.80 50.70 158.50 13.20 124.00 7.02 0.70 2.39 297.00 19.65 38.55 4.27 16.70 3.39 0.69 2.83 2.53 0.51 1.37 1.39 0.19 3.25 0.52
 7.90 1.53 
HA 5 355-63 12.45 12.75 56.30 216.50 18.25 156.50 9.95 0.84 2.53 328.00 28.65 55.25 6.18 23.65 4.54 0.97 4.10 3.33 0.70 1.76 1.79 0.28 4.03 
0.82 11.25 1.95 
HA 5 63 16.60 18.50 83.05 286.50 26.40 263.50 12.30 0.97 3.92 495.50 31.55 63.20 7.19 29.05 5.93 1.28 5.51 4.90 1.00 2.65 2.77 0.41 6.75 0
.96 14.00 2.65 
HA 6 1-355 16.10 20.10 118.50 208.50 22.55 198.00 14.20 0.93 6.08 573.00 29.80 60.!0 6.80 26.80 5.46 1.14 4.67 4.10 0.86 2.29 2.25 0.36 5.23 
1.02 13.85 2.51 
HA 6 355-63 13.10 13.80 61.45 239.50 21.85 194.00 10.50 0.80 2.76 349.50 31.45 61.15 6.70 26.40 5.11 1.07 4.42 3.90 0.82 2.20 2.15 0.32 5.11 
0.89 13.35 2.41 
HA 6 63 17.40 16.70 65.05 317.50 30.65 598.50 12.15 1.09 3.05 383.00 37.35 73.85 8.26 34.00 6.53 1.43 5.87 5.47 1.16 3.08 3.05 0.52 14.75 0













Table B.2: cont. 
Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce 
HA 1 2-1 7.86 6.78 29.20 109.50 8.06 83.55 4.43 0.61 1.35 164.00 12.10 23.40 
HA 1 1-355 9.49 9.21 44.20 140.00 11.80 104.00 6.00 0.73 1.94 248.50 15.80 31.30 
HA 1 355-63 13.00 13.05 59.10 230.00 21.20 208.00 11.40 0.83 2.63 336.50 32.60 62.95 
HA 1 63 16.75 14.75 52.75 319.50 30.90 706.50 12.00 0.90 2.49 309.50 38.55 76.15 
Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
2.47 9.79 1.88 0.44 1.70 1.48 0.29 0.78 0.93 0.13 2.22 0.33 4.94 0.98 
3.48 14.15 2.69 0.59 2.57 2.20 0.45 1.12 1.21 0.17 2.82 0.46 7.06 1.31 
6.99 27.25 5.19 1.07 4.50 3.78 0.82 2.13 2.28 0.34 5.34 0.97 11.90 2.20 
8.50 34.45 7.08 1.46 6.18 5.59 1.18 3.22 3.39 0.56 17.35 1.00 15.50 3.56 
CA 1 2-1 13.95 14.50 67.80 224.50 18.85 151.00 7.53 0.72 3.21 413.00 21.85 43.55 5.01 20.20 4.04 0.95 3.71 3.44 0.69 1.87 1.94 0.32 3.87 0.60 9.15 1.83 
CA 1 1-355 14.80 15.50 73.25 262.00 20.40 175.50 9.04 0.77 3.39 449.00 25.65 50.60 5.74 23.10 4.63 1.05 4.26 3.76 0.77 2.00 2.19 0.31 4.47 0.71 11.40 2.16 
CA 1 355-63 16.25 16.40 69.90 356.00 25.30 201.00 10.25 0.93 3.22 426.50 39.05 74.20 8.31 32.60 6.33 1.37 5.41 4.67 0.97 2.44 2.36 0.39 5.31 0.84 13.80 2.63 
CA 1 63 18.40 19.15 92.55 322.00 29.40 276.50 10.20 1.07 5.24 523.00 31.90 63.75 7.42 30.25 6.42 1.35 5.93 5.31 1.10 2.86 3.03 0.45 7.17 0.83 14.10 3.05 
CA 2 2-1 11.70 13.50 68.30 191.50 14.10 114.00 6.55 0.81 3.37 379.00 17.60 36.25 
CA 2 1-355 14.50 17.45 97.30 249.00 20.10 154.50 9.53 0.94 4.73 537.00 26.35 53.70 
CA 2 355-63 14.15 15.90 78.35 248.00 19.85 136.50 9.08 0.89 3.85 440.50 29.35 58.35 
CA 2 63 20.65 24.30 121.50 440.00 34.10 312.00 14.25 1.00 6.05 677.00 41.35 83.85 
4.01 16.00 3.24 0.71 3.07 2.70 0.54 1.52 1.54 0.20 3.05 0.56 8.59 1.65 
6.02 24.00 4.93 1.05 4.48 3.66 0.75 1.92 2.23 0.29 4.18 0.77 12.65 2.36 
6.45 25.95 4.97 1.01 4.19 3.59 0.76 1.93 1.97 0.30 3.70 0.76 12.50 2.14 
9.43 38.20 8.07 1.73 6.66 6.17 1.26 3.36 3.61 0.51 7.94 1.20 18.90 3.92 
CA 3 2-1 8.71 7.23 29.65 102.50 7.86 76.70 4.06 0.59 1.26 188.00 8.85 18.15 2.07 8.43 1.81 0.36 1.41 1.42 0.29 0.76 1.02 0.12 2.03 0.32 4.00 0.80 
CA 3 1-355 9.34 7.67 30.35 111.50 8.95 79.65 4.76 0.65 1.31 191.50 10.35 20.50 2.35 9.43 1.89 0.46 1.67 1.58 0.36 0.90 1.00 0.15 1.96 0.34 4.37 0.88 
CA 3 355-63 10.50 8.31 27.25 135.50 13.50 106.50 6.13 0.60 1.27 162.00 18.15 34.20 3.69 14.75 2.84 0.63 2.69 2.35 0.48 1.38 1.78 0.28 2.65 0.50 5.96 1.08 
CA 3 63 20.05 17.25 57.70 349.50 32.90 441.50 12.80 1.02 2.81 353.50 36.30 73.80 8.47 34.90 7.24 1.63 6.58 6.01 1.23 3.31 3.43 0.53 11.05 0.99 13.35 3.07 
CA 4 1-355 10.30 8.99 67.70 100.45 12.25 109.50 6.65 0.88 4.20 245.00 14.20 26.25 3.21 13.30 2.64 0.60 2.39 2.15 0.45 1.26 1.25 0.22 2.85 0.49 6.01 1.22 
CA 4 355-63 9.00 6.76 24.60 110.50 9.96 90.00 5.27 0.69 1.14 134.50 12.20 23.75 2.69 10.90 2.21 0.49 2.12 1.66 0.35 0.98 1.13 0.17 2.26 0.43 4.28 0.92 
CA 4 63 17.50 14.20 44.55 312.00 29.25 907.50 11.50 0.81 1.80 271.50 31.05 62.20 7.21 29.55 6.16 1.38 5.65 5.14 1.12 3.09 3.30 0.55 21.95 0.97 12.25 3.26 
CA 5 2-1 7.30 5.31 13.20 65.05 4.24 34.35 2.12 0.82 0.60 78.40 4.44 9.05 1.03 4.21 0.93 0.20 0.79 0.72 0.13 0.46 0.41 0.07 0.87 0.16 1.81 0.42 
CA 5 1-355 8.20 5.69 21.15 68.10 6.32 57.05 3.54 0.68 0.91 127.50 7.84 15.65 1.72 7.17 1.28 0.31 1.53 1.23 0.22 0.70 0.66 0.12 1.47 0.26 3.46 0.62 
CA 5 355-63 8.92 7.26 18.60 103.50 9.28 81.80 4.15 0.83 0.86 118.00 12.40 24.80 2.75 10.75 2.07 0.46 1.83 1.56 0.36 0.86 1.18 0.17 2.09 0.32 4.57 0.81 
CA 5 63 28.70 22.70 64.85 558.00 50.50 1323.50 18.55 1.23 3.04 398.00 56.85 113.00 13.05 53.05 10.85 2.48 10.18 9.08 1.90 5.21 5.61 0.98 31.90 1.52 23.25 5.51 
Table B.2: cont. 
Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho 
Er Yb Lu Hf Ta Th U 
CA 6 2-1 7.09 4.64 13.05 51.40 2.87 25.20 1.82 0.73 0.52 75.45 3.09 6.84 0. 78 3.03 0.56 0.15 0
.49 0.54 0.11 0.32 0.27 0.05 0.61 0.09 1.64 0.35 
CA 6 1-355 7.71 5.34 17.85 63.15 4.85 38.60 2.87 0.76 0.69 88.20 4.80 10.35 1.11 4.57 1.06 0.25 0.78 0.8
6 0.19 0.49 0.59 0.09 0.98 0.19 2.02 0.50 
CA 6 355-63 10.10 7.04 15.10 119.50 11.95 99.50 4.83 0.75 0.60 94.35 16.00 30.45 3.29 12.95 2.47 0.57 2.26 1
.95 0.41 1.26 1.83 0.32 2.41 0.38 4.96 0.76 
CA 6 63 20.70 18.55 77.75 369.00 34.85 633.50 15.25 1.34 3.34 433.50 37.30 73.95 8.43 34.60 7.08 1.66 6.63 6.09
 1.29 3.41 3.63 0.61 15.35 1.18 15.45 3.28 
CA 7 1-355 
CA 7 355-63 
CA 7 63 
8.05 5.70 22.78 70.33 5.21 45.93 3.02 0.70 0.95 111.00 5.35 11.55 1.28 5.05 1.05 0.25 1.10 1.01 0.17 0.53 
0.48 0.09 1.20 0.20 2.33 0.55 
7.93 6.18 19.90 76.75 5.06 46.10 3.11 0.75 0.96 99.00 5.61 11.75 1.34 5.26 1.11 0.27 1.04 0.86 0.17 0.58 
0.57 0.09 1.27 0.22 2.37 0.54 
19.10 16.75 49.30 352.00 28.90 275.50 10.75 0.97 2.31 313.00 29.05 58.95 6.88 28.55 6.23 1.38 5.52 5.13 1.08 2.93 
2.96 0.44 7.03 0.83 12.50 2.50 
CA 8 1-355 8.41 5.17 18.50 68.10 5.30 44.95 2.81 0.96 0.73 92.10 5.56 12.05 1.24 5.14 1.18 0.21 0.94 0.9
6 0.20 0.64 0.54 0.10 1.22 0.19 2.04 0.53 
CA 8 355-63 10.05 6.93 16.00 130.50 10.55 138.50 3.92 0.78 0.69 104.50 11.45 22.60 2.53 10.80 2.35 0.52 1.92 1
.78 0.39 1.05 1.29 0.23 3.43 0.29 4.41 0.79 
CA 8 63 18.95 15.85 45.45 363.50 28.10 380.50 9.25 0.87 2.13 283.50 29.15 58.50 6.74 27.85 5.87 1.42 5.53 5.13
 1.03 2.86 2.91 0.45 9.26 0.75 11.15 2.57 
CA 9 1-355 
CA 9 355-63 
CA 9 63 
7.69 3.97 12.65 49.75 3.24 27.65 1.77 0.60 0.50 68.15 3.43 7.15 0.80 3.34 0.75 0.16 0.67 0.63 0.12 0.27 
0.36 0.06 0.63 0.11 1.37 0.46 
8.06 5.97 18.00 78.65 5.13 42.25 2.83 0.78 0.71 85.90 5.71 12.85 1.35 5.39 1.26 0.25 1.15 0.88 0.20 0.46 
0.53 0.09 1.10 0.20 2.37 0.56 
27.80 20.45 36.35 614.00 44.85 816.50 12.30 0.87 1.73 231.00 44.00 89.40 10.40 43.45 9.05 2.19 8.36 8.06 1.67 4.59 
4.69 0.72 19.55 0.97 16.15 4.07 
CA 10 355-63 10.15 6.96 17.80 118.50 8.77 101.50 3.80 0.88 0.80 106.00 9.79 19.50 2.36 9.33 1.95 0.36 1.88 1
.31 0.34 0.84 1.05 0.13 2.58 0.33 3.43 0.85 
CA 10 63 20.35 15.40 32.10 404.00 31.55 731.00 9.39 0.94 1.47 202.50 31.40 63.30 7.37 30.50 6.49 1.50 5.84 5.7
6 1.16 3.23 3.54 0.59 17.75 0.73 12.05 3.07 
CA 11 1-355 7.89 4.60 16.85 60.20 4.14 42.95 2.39 0.73 0.73 86.10 4.84 10.25 1.09 4.40 0.95 0.24 0.96 0
.79 0.16 0.47 0.51 0.09 1.21 0.13 1.95 0.46 
CA II 355-63 10.20 8.05 22.65 134.50 10.65 104.50 4.36 0.68 1.10 140.00 12.05 23.75 2.69 10.85 2.29 0.47 2.17 1
.75 0.43 1.02 1.17 0.19 2.47 0.35 4.36 0.98 
CA 11 63 21.35 17.15 42.45 420.50 33.10 429.50 10.35 0.98 2.13 265.50 33.70 67.70 7.90 32.65 7.16 1.65 6.28 5.8
9 1.26 3.39 3.19 0.53 10.30 0.82 13.00 2.96 
CA 12 1-355 8.08 4.45 13.33 53.93 3.35 28.67 1.76 0.66 76.47 3.54 8.17 0.88 3.29 0.65 0.17 0.70 0
.56 0.12 0.37 0.43 0.07 0.66 0.12 1.35 0.37 
CA 12 355-63 9.48 6.33 17.97 113.33 9.61 114.00 3.57 0.81 117.67 12.40 23.57 2.55 10.10 1.92 0.44 1.82 1
.58 0.35 1.02 1.29 0.21 2.88 0.29 4.06 0.75 
CA 12 63 20.05 16.45 46.60 390.50 30.95 451.00 10.35 0.90 2.27 288.00 31.90 64.75 7.51 30.70 6.59 1.54 6.32 5.3
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Table C.l: New Zealand river bedload sediment major element data (size 
fractions: 1-355= lmm-355 J.Lm, 355-63= 355-63 p,m, < 63= < 63 J.Lm, 
< 20= < 20 J.Lm). 
River Size Si02 Ti02 A1,03 Fe,O, MnO MgO CaO Na,O K,O P20 5 LOI Total 
Arawata 1-355 80.36 0.33 9.54 2.58 0.04 0.88 0.73 2.94 1.03 0.08 1.09 99.60 
355-63 72.32 0.65 13.14 3.77 0.08 1.13 1.71 4.36 1.15 0.17 1.29 99.77 
63 59.51 1.21 17.25 6.3 0.12 1.93 4.39 3.49 2.17 0.5 2.43 99.30 
Ashley 355-63 71.31 0.48 13.25 3.44 0.05 1.15 0.9 2.76 2.59 0.12 3.61 99.66 
63 69.36 0.58 14.09 3.83 0.05 1.24 1.04 2.83 2.6 0.15 3.83 99.60 
20 65.44 0.68 15.37 4.7 0.07 1.52 1.13 2.66 2.84 0.19 5.48 100.08 
Awatere 355-63 67.03 0.79 14.23 4.69 0.07 1.84 1.98 3.13 2.57 0.19 3.27 99.79 
63 65.88 0.83 14.7 4.77 0.06 1.79 1.95 3.27 2.57 0.22 3.66 99.70 
20 63.16 0.88 15.28 5.44 0.07 2.06 1.95 2.98 2.69 0.25 4.65 99.41 
Clarence 355-63 70.64 0.56 13.42 3.57 0.05 1.34 2.01 3.38 2.53 0.13 2.15 99.78 
63 69.71 0.69 13.92 3.74 0.06 1.32 2.06 3.43 2.45 0.17 2.08 99.63 
20 66.46 0.72 15.05 4.52 0.06 1.59 2.25 3.36 2.55 0.21 3.02 99.79 
Grey 355-63 73.72 0.49 12.7 3.18 0.04 1.25 1.17 2.52 2.57 0.11 1.77 99.52 
63 71.49 0.73 13.38 3.37 0.06 1.19 1.75 3.02 2.17 0.24 2.25 99.65 
Hikurangi 1-355 74.12 0.29 7.15 2.74 0.06 0.95 6.18 1.09 1.16 0.09 6.36 100.19 
355-63 69.45 0.43 11.01 3.66 0.05 1.36 4.32 2.24 1.97 0.09 4.84 99.42 
63 67.4 0.59 13.06 4.16 0.04 1.7 2.87 2.68 2.2 0.12 4.28 99.10 
20 60.37 0.7 14.66 5.42 0.05 2.39 3.84 1.99 2.39 0.13 7.35 99.29 
Hokitika 1-355 71.19 0.62 13.3 4.19 0.09 1.59 1.35 2.36 2.53 0.12 2.61 99.95 
355-63 71.45 0.62 12.55 4.3 0.07 1.75 1.4 2.4 2.04 0.14 2.61 99.33 
63 68.51 0.61 14.67 3.95 0.07 1.53 1.77 3.59 2 0.22 2.67 99.59 
20 56.74 0.66 19.99 5.9 0.08 2.4 1.49 3.41 3.68 0.2 4.93 99.48 
Hurunui 1-355 74.2 0.5 12.34 3.44 0.05 1.13 1.27 3.25 2.15 0.12 1.60 100.05 
355-63 72.86 0.52 12.85 3.41 0.05 1.16 1.23 3.23 2.4 0.11 1.82 99.64 
63 69.94 0.68 14.08 3.87 0.05 1.29 1.44 3.25 2.54 0.16 2.29 99.59 
Manawatu 63 74.36 0.53 12.29 3.01 0.04 0.95 1.47 3.18 1.92 0.1 1.92 99.77 
Motu 355-63 69.55 0.55 14.35 4.03 0.05 1.31 1.09 2.82 2.63 0.12 3.26 99.76 
63 70.35 0.56 14.13 3.73 0.05 1.18 1.04 3.19 2.41 0.13 2.80 99.57 
20 66.62 0.65 15.37 4.51 0.06 1.42 1.13 3.12 2.56 0.16 3.91 99.51 
Mataura 355-63 57.75 0.79 16.53 6.03 0.11 1.77 2.13 2.95 1.95 0.29 9.68 99.98 
63 66.54 0.61 14.4 4.14 0.08 1.13 3.15 3.54 1.17 0.16 4.67 99.59 
20 76.17 0.45 10.67 2.85 0.05 0.89 1.98 2.86 0.99 0.08 2.53 99.52 
Ngaruroro 355-63 72.58 0.39 13.22 2.99 0.04 1.14 1.54 3.18 2.56 0.08 1.81 99.53 
63 69.52 0.6 14.28 3.61 0.05 1.2 1.88 3.4 2.53 0.13 2.44 99.64 
191 
Table C.l: cont. 
River Size SiO, TiO, AI,03 Fe,O, MnO MgO CaO Na,O K,O P,O, LOI Total 
Opihi 1-355 75.4 0.44 11.22 3.42 0.05 1.21 2.21 2.45 1.69 0.14 2.49 100.72 
355-63 72.61 0.55 12.22 3.66 0.06 1.3 2.41 2.64 1.87 0.14 2.49 99.95 
63 66.93 0.65 14.04 4.3 0,07 1.47 2.52 3.02 2.03 0.22 4.66 99.91 
Porangahau 1-355 82.16 0.31 7.12 2.59 0.02 0.78 1.46 0.67 1.23 0.07 3.33 99.74 
355-63 78.45 0.31 7.99 2.78 0.02 0.83 2.54 1.24 1.53 0.09 4.04 99.82 
63 73.97 0.41 10.6 2.69 0.03 0.91 2.26 2.47 1.91 0.1 4.09 99.44 
Rakaia 355-63 68.93 0.57 14.72 3.95 0.05 1.58 1.74 3.15 2.73 0.14 2.07 99.63 
Rangitata 
63 68.9 0.7 14.57 4.03 0.06 1.58 1.98 3.13 2.57 0.2 2.12 99.84 
1-355 69.76 0.53 14.33 4.01 0.06 1.57 2.17 2.98 2.49 0.16 2.04 100.10 
355-63 69.21 0.64 14.4 3.87 0.06 1.56 2.37 2.95 2.49 0.14 1.98 99.67 
63 68.72 0.73 14.25 4.01 0.06 1.59 2.49 2.98 2.42 0.22 2.18 99.65 
Rangitikei 355-63 73.98 0.46 11.63 3.5 0.06 1.64 2.18 2.76 1.87 0.08 1.28 99.44 
63 70.33 0.8 13.22 3.86 0.06 1.2 2.07 3.27 1.93 0.16 2.36 99.26 
Ruamahanga 1-355 77.07 0.45 10.45 3.68 0.07 1.12 1.16 2.57 1.41 0.11 1.75 99.84 
355-63 71.58 0.54 13.52 4.13 0.06 1.34 1.03 2.63 2.42 0.12 2.46 99.83 
63 68.88 0.61 14.65 3.99 0.06 1.27 1.2 3.13 2.45 0.14 3.11 99.49 
Taramakau 1-355 66.21 0.71 15.63 5.34 0.06 2.1 1.34 2.39 3.24 0.15 2.66 99.83 
355-63 71.59 0.56 13.52 3.92 0.05 1.55 1.27 2.72 2.55 0.12 1.96 99.81 
63 68.97 0.69 14.64 3.95 0.06 1.46 1.69 3.39 2.36 0.22 2.12 99.55 
20 60.86 0.69 18.36 5.57 0,07 2.13 1.46 3.78 3.28 0.19 3.32 99.71 
Waiau S 355-63 63.12 0.8 15.01 6.24 0.1 2.41 4.05 3.61 1.63 0.13 2.67 99.77 
63 58.65 1.01 15.38 7.62 0.13 2.93 4.23 2.94 1.53 0.24 4.36 99.02 
20 57.04 0.81 16.41 7.33 0.12 2.88 2.66 2.46 1.83 0.21 7.89 99.64 
Waitara 1-355 54.67 0.81 17.26 7.21 0.18 4.02 8.95 3.3 1.76 0.23 1.28 99.67 
355-63 62.21 0.92 13.49 8 0.15 3.12 5.81 2.86 1.61 0.16 1.17 99.50 
63 60.12 1.18 14.25 9.66 0.16 2.45 4.74 3.15 1.59 0.22 2.20 99.72 
Wanganui 355-63 74.59 0.51 11.5 3.77 0.06 1.61 1.96 2.62 1.76 0.07 1.55 100.00 
Waipaoa 
63 71.42 0.71 12.97 4.14 0.06 1.34 1.83 3.14 1.77 0.11 2.17 99.66 
1-355 83.93 0.28 6.55 2.04 0.02 0.82 1.54 0.79 1.09 0.05 2.93 100.04 
355-63 73.47 0.41 9.51 3.15 0.04 1.28 3.74 1.57 1.54 0.08 4.57 99.36 
63 69.74 0.53 11.41 3.76 0.04 1.53 3.39 2.19 1.77 0.1 4.55 99.01 
20 65.56 0.61 12.78 4.42 0.05 1.87 4.01 1.8 2.01 0.12 5.90 99.13 
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Table C.l: cont. 
River Size Si02 Ti02 AlzO, FezO, MnO MgO CaO Na20 KzO PzOs LOI Total 
Waiapu 355-63 73.95 0.44 11.83 3.29 0.04 1.11 1.51 2.36 2.08 0.1 2.79 99.50 
63 72.54 0.51 12.58 3.63 0.04 1.17 1.27 2.68 2.12 0.12 2.68 99.34 
20 65.03 0.71 15.57 5.02 0.04 1.79 1.53 2.29 2.71 0.15 4.24 99.08 
Waiau E 355-63 72.17 0.52 13.25 3.53 0.05 1.24 1.2 3.05 2.44 0.11 2.03 99.59 
63 70.23 0.64 14.13 3.83 0.05 1.31 1.42 3.17 2.49 0.15 2.34 99.76 
20 65.22 0.77 15.79 5.02 0.07 1.64 1.6 2.95 2.77 0.2 3.74 99.77 
Whakatane 1-355 71.71 0.27 13.45 2.32 0.07 0.62 1.62 3.73 3.01 0.06 2.88 99.74 
355-63 70.7 0.42 14.14 3.14 0.06 0.98 1.8 3.56 2.5 0.08 3.01 100.39 
63 69.6 0.55 14.22 3.43 0.05 0.96 1.56 3.57 2.36 0.11 3.15 99.56 
Waiho 1-355 63.27 0.82 17.46 4.96 0.07 1.97 2.39 3.05 3.5 0.2 2.48 100.17 
355-63 70.04 0.8 13.23 3.99 0.06 1.45 2.77 2.56 2.38 0.16 2.12 99.56 
Wairoa 
Waikato 
63 69.47 0.7 13.88 3.57 0.05 1.12 3.13 4.22 1.57 0.26 1.66 99.63 
20 58.26 0.61 19.77 5.69 0.08 2.36 2.13 3.84 3.82 0.18 2.98 99.72 
355-63 62.26 0.61 14.35 4.42 0.06 1.66 3.67 2.61 2.34 0.16 6.82 98.96 
63 64.86 0.59 14.13 4.11 0.05 1.52 3.37 3.09 2.27 0.16 5.50 99.65 
1-355 67.92 0.26 16.46 3.29 0.09 4.05 4.35 1.25 0.07 0.97 99.71 
355-63 65.2 0.69 15.36 5.71 0.14 1.99 3.73 3.78 1.34 0.09 1.73 99.76 
63 66.35 0.95 13.57 5.51 0.13 0.88 1.62 2.72 2.1 0.16 5.73 99.72 
Waimakariri 355-63 71.16 0.44 12.9 3.03 0.04 1.1 1.1 2.85 2.68 0.1 2.14 97.54 
Whataroa 
Waitaha 
63 69.88 0.59 14.24 3.72 0.05 1.33 1.39 2.94 2.81 0.16 2.61 99.72 
20 66.47 0.68 15.47 4.63 0.06 1.64 1.51 2.72 3.03 0.18 3.53 99.92 
355-63 70.79 0.96 13.11 4.3 0.08 1.58 2.02 2.38 2.36 0.17 1.86 99.61 
63 68.56 0.72 14.68 4.18 0.07 1.45 2.22 3.98 1.89 0.3 1.67 99.72 
1-355 67.59 1.04 14.71 5.31 0.15 1.81 2.01 2.44 2.79 0.19 1.70 99.74 
355-63 73.27 1.45 10.9 4.99 0.19 1.44 1.95 2.05 1.79 0.14 1.33 99.50 
63 73.05 0.85 12.37 3.45 0.13 1.04 2.31 3.74 1.29 0.26 1.18 99.67 
Table C.2: New Zealand river bedload trace element data. Abbreviations as in Table C.l. 
River Size Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
Arawata 1-355 9.6 8.7 32.2 116 10.4 93 5.0 0.75 1.55 207 12.7 25.9 2.87 12.0 2.51 0.54 2.28 2.03 0.39 1.05 1.14 0.16 2.45 0.40 5.59 1.12 
355-63 13.4 11.9 35.9 216 18.0 148 8.7 0.74 1.59 224 21.5 43.2 4.82 19.7 4.05 0.93 3.62 3.31 0.66 1.85 1.89 0.30 3.80 0.73 8.42 1.57 
63 29.7 22.9 70.2 573 51.6 1309 17.0 1.06 3.16 436 54.9 110.0 12.60 52.0 10.65 2.36 10.05 8.98 1.96 5.22 5.60 0.92 31.70 1.43 22.25 5.38 
Ashley 355-63 11.8 14.5 84.2 194 17.6 180 9.0 0.96 3.47 514 23.4 43.5 5.28 20.8 4.36 0.86 3.64 3.23 0.67 1.79 1.74 0.28 4.72 0.75 9.86 2.04 
63 12.5 15.5 89.2 206 23.5 316 10.8 1.15 3.99 517 29.6 56.2 6.64 27.2 5.39 1.08 4.65 4.19 0.88 2.43 2.40 0.37 8.23 0.91 12.85 2.66 
20 14.5 18.0 104.5 192 25.8 171 12.3 1.41 5.25 522 33.8 63.9 7.60 30.4 6.00 1.20 5.36 4.69 0.96 2.63 2.51 0.41 4.66 1.04 13.90 2.71 
Awatere 355-63 14.0 15.4 78.8 287 19.9 188 12.6 1.08 3.50 494 25.3 50.7 5.81 23.8 4.99 1.15 4.15 3.79 0.77 2.08 2.17 0.33 4.80 0.98 10.35 2.04 
63 14.4 16.3 83.1 289 23.6 269 13.2 1.08 4.00 471 28.9 58.4 6.73 27.6 5.63 1.25 5.05 4.43 0.88 2.36 2.32 0.39 6.84 1.04 11.50 2.40 
20 15.4 17.6 91.5 274 24.7 196 14.4 1.27 4.83 465 30.7 62.6 7.11 29.2 5.95 1.26 5.41 4.61 0.93 2.41 2.43 0.38 5.22 1.17 12.30 2.33 
Clarence 355-63 12.2 13.7 75.7 279 17.6 176 9.0 0.85 2.73 558 22.5 44.6 5.10 20.8 4.13 0.95 3.81 3.17 0.69 1.76 1.90 0.29 4.54 0.69 9.64 1.89 
63 13.4 14.6 76.1 293 24.6 541 10.9 0.96 3.03 528 30.5 60.6 6.84 28.1 5.52 1.12 4.88 4.41 0.92 2.50 2.78 0.43 13.35 0.91 12.25 2.78 
20 14.1 16.1 84.2 301 25.1 195 11.1 0.97 4.06 523 31.2 61.9 7.09 28.9 5.90 1.21 5.35 4.57 0.93 2.41 2.52 0.39 5.14 0.91 13.70 2.50 
Grey 355-63 11.5 14.5 85.8 239 17.6 154 9.3 0.69 3.41 468 27.8 53.2 6.01 23.6 4.66 0.90 3.93 3.16 0.67 1.74 1.76 0.25 4.05 0.83 10.70 2.13 
63 14.2 16.7 74.8 300 45.9 1024 13.0 0.81 3.38 416 72.7 141.0 15.90 63.6 12.30 1.70 10.30 8.38 1.75 4.67 4.74 0.79 25.65 1.20 30.55 6.50 
Hikuwai 1-355 9.7 8.0 38.8 161 11.2 90 4.2 1.23 1.91 461 13.3 25.8 2.95 11.8 2.39 0.61 2.11 1.95 0.41 1.09 1.19 0.18 2.38 0.32 4.39 1.14 
Hok:itika 
355-63 11.4 10.8 55.7 219 13.3 157 5.5 1.35 2.30 478 14.2 30.1 
63 12.8 13.1 68.6 218 17.3 374 7.3 1.10 3.23 450 15.8 34.7 
20 16.1 15.9 82.8 231 18.6 149 8.7 1.44 4.54 428 19.5 42.7 
1-355 12.8 14.9 85.5 236 20.1 167 10.7 0.84 3.81 456 24.7 48.6 
355-63 13.6 14.7 74.1 228 21.3 229 10.3 0.77 3.90 389 28.4 55.7 
3.30 13.6 2.78 0.72 2.62 2.35 0.49 1.31 1.44 0.22 3.93 0.43 5.92 1.41 
3.85 15.4 3.31 0.72 3.22 3.08 0.68 1.95 2.28 0.33 9.14 0.58 8.17 2.00 
4.66 19.0 4.14 0.91 3.88 3.31 0.71 2.02 2.02 0.32 4.11 0.70 9.91 2.00 
5.55 22.0 4.63 0.87 4.12 3.51 0.73 2.16 2.47 0.39 4.26 0.89 9.78 1.95 
6.30 25.9 5.17 1.04 4.48 3.97 0.80 2.19 2.16 0.35 6.04 0.83 11.55 2.30 
63 15.3 15.9 67.3 297 27.6 374 10.5 0.77 3.30 407 33.3 67.3 7.72 31.0 6.15 1.30 5.62 4.96 1.03 2.78 2.79 0.46 9.64 0.93 13.45 3.05 
20 16.5 22.9 125.0 280 25.1 159 11.2 0.92 6.09 750 29.5 60.1 6.76 27.5 5.83 1.20 4.87 4.60 0.95 2.49 2.40 0.38 4.32 0.91 13.95 2.71 
Hurunui 1-355 11.8 12.7 61.9 218 16.6 177 8.5 0.79 1.92 482 21.7 41.5 4.80 19.7 3.94 0.84 3.52 2.95 0.64 1.69 2.00 0.26 4.55 0.65 8.22 1.70 
355-63 11.9 13.3 71.3 225 16.7 177 8.6 0.74 2.41 512 21.8 42.0 4.84 19.7 3.69 0.90 3.49 2.94 0.64 1.75 1.83 0.28 4.52 0.67 8.65 1.75 
63 13.5 15.2 82.1 244 25.4 613 11.4 0.98 3.11 507 32.3 63.5 7.26 29.0 5.66 1.17 5.04 4.58 0.94 2.68 2.86 0.47 15.10 0.93 12.30 2.94 
Manawatu 63 12.3 12.1 59.5 254 20.0 693 7.8 0.64 2.17 403 23.9 46.7 5.34 21.0 4.27 0.87 3.93 3.45 0.74 2.10 2.23 0.42 16.55 0.67 9.31 2.47 
Motu 355-63 13.1 15.5 83.8 186 18.5 191 9.2 0.97 3.77 570 22.2 44.2 5.03 20.0 3.93 0.88 3.57 3.43 0.71 1.92 2.06 0.32 4.98 0.75 10.65 2.17 
63 12.4 14.7 79.2 207 20.0 336 9.2 0.90 3.60 553 24.1 48.8 5.41 21.3 4.29 0.89 3.84 3.52 0.73 2.16 2.33 0.38 8.64 0.77 11.00 2.44 
20 13.8 16.7 88.0 209 22.8 176 10.6 1.00 4.55 567 28.3 57.0 6.39 26.0 5.10 1.05 4.66 4.19 0.82 2.27 2.39 0.36 4.69 0.89 12.45 2.34 
Mataura 355-63 19.5 16.0 43.8 319 21.0 286 6.6 1.20 2.00 303 21.4 42.6 5.01 20.6 4.45 1.18 4.03 3.74 0.81 2.17 2.22 0.37 6.82 0.53 7.23 1.76 
63 19.2 15.4 37.8 392 27.2 479 5.9 0.91 1.96 256 24.4 49.8 5.88 24.2 5.23 1.28 4.92 4.86 1.06 2.76 2.95 0.49 11.50 0.49 9.38 2.46 
20 11.0 10.9 44.2 148 15.5 100 5.0 0.77 2.45 280 14.1 29.2 3.43 14.9 3.29 0.78 2.97 2.81 0.58 1.65 1.61 0.25 2.71 0.41 6.28 1.29 




Size Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Gd Dy Ho Er Yb 
Lu Hf Ta Th U 
355-63 11.7 13.5 76.2 253 15.5 133 7.0 0.76 2.76 501 19.9 38.3 4.51 17.6 3.69 0.77 3.03 3.19 2.69 0.58 1.62 1.6
4 0.26 3.43 0.53 8.05 1.66 
63 13.7 15.1 80.1 283 25.1 664 9.6 1.16 3.32 495 31.4 61.1 6.97 27.5 5.41 1.06 4.92 4.89 4.42 0.91 2.61 2.88 
0.48 16.25 0.82 11.70 2.81 
1-355 11.2 12.5 52.8 260 15.2 148 6.7 0.69 1.81 360 20.6 38.4 4.53 18.6 3.81 0.78 3.17 3.15 2.69 0.57 1.48 1.6
0 0.24 3.87 0.51 7.87 1.66 
355-63 12.4 13.9 59.5 305 17.2 158 8.3 0.83 2.23 385 27.3 50.0 5.82 23.1 4.38 0.98 3.76 3.80 3.23 0.64 1.71 1.7
3 0.26 4.04 0.65 9.16 1.86 
63 14.7 15.6 69.2 336 24.3 494 9.6 3.60 2.99 421 30.8 59.6 7.00 28.5 5.46 1.19 4.96 5.04 4.23 0.91 2.58 2.53 
0.42 12.05 0.78 12.15 3.11 
Porangahau 1-355 9.8 8.4 45.3 75 8.0 82 4.8 1.41 2.38 463 9.3 17.7 2.03 8.3 1.79 0.38 1.56 1.58 1.35 0
.29 0.88 0.93 0.14 2.12 0.36 4.19 1.37 
355-63 10.1 8.9 50.5 124 9.7 99 4.6 1.35 2.28 613 11.2 22.5 2.51 10.6 2.16 0.47 1.97 1.89 1.69 0.38 0.92 1.0
0 0.17 2.48 0.36 4.86 1.39 
63 9.9 10.2 60.4 185 14.0 383 6.0 1.18 2.42 680 13.6 28.5 3.21 12.8 2.83 0.61 2.52 2.47 2.38 0.51 1.54 1.80 
0.28 9.46 0.51 6.71 1.92 
Rakala 355-63 12.9 16.8 92.7 337 21.6 212 9.8 0.80 3.62 550 31.5 61.1 6.92 27.3 5.51 1.09 4.61 4.76 3.87 0
.81 2.11 2.17 0.34 5.53 0.84 11.80 2.46 
63 14.2 16.9 86.9 342 29.1 627 12.2 0.83 3.64 522 42.4 81.9 9.39 37.3 7.24 1.40 6.32 6.34 5.40 1.11 3.01 3.25 
0.50 15.95 1.05 15.75 3.77 
Rangitata 1-355 12.4 16.3 80.9 334 19.2 167 8.9 0.71 2.78 519 26.9 51.1 6.00 23.7 4.69 0.95 3.97 3.98 3.54 0
.72 1.95 1.89 0.30 4.39 0.72 9.86 1.97 
355-63 13.2 17.3 80.5 367 22.4 222 10.6 0.71 2.84 509 40.3 75.7 8.50 33.2 6.13 1.31 4.92 5.23 3.99 0.80 2.27 2.3
2 0.34 5.61 0.87 13.40 2.31 
63 15.0 17.3 81.3 376 32.1 878 13.0 0.76 3.07 507 46.4 90.5 10.35 41.7 8.24 1.54 6.82 6.94 5.79 1.20 3.24 3.57 
0.54 21.80 1.08 18.00 4.36 
Rangitikei 355-63 13.3 11.8 55.6 251 14.0 176 6.3 0.74 1.82 391 19.9 37.7 4.35 17.4 3.46 0.82 2.98 2.88 2.57 0
.55 1.56 1.54 0.24 4.44 0.52 6.97 1.36 
63 15.9 14.4 63.7 300 32.3 1837 11.0 1.00 2.59 377 37.1 73.4 8.41 33.6 6.61 1.28 6.01 6.16 5.35 1.16 3.45 4.05 
0.77 44.00 1.05 15.60 4.67 
Ruamahang< 1-355 11.8 10.7 43.9 164 13.2 140 6.2 0.81 1.42 317 14.8 28.8 3.40 14.1 3.02 0.66 2.80 2.76 2.55 0
.52 1.30 1.43 0.22 3.62 0.47 5.50 1.14 
355-63 30.4 33.6 177.5 399 39.1 376 19.7 1.77 6.51 1071 48.3 95.1 11.15 44.3 9.10 1.93 7.92 8.01 7.12 1.51 4.06 4.3
4 0.66 9.80 1.56 20.40 3.98 
63 13.8 15.1 81.0 213 22.9 571 9.8 0.98 3.36 474 27.9 55.0 6.34 24.9 4.95 1.01 4.45 4.45 4.07 0.83 2.44 2.60 
0.43 13.90 0.81 11.05 2.61 
Taramakau 1-355 15.2 18.9 113.0 234 22.4 198 11.8 0.72 5.39 621 28.8 58.2 6.54 26.4 5.58 1.17 4.84 4.96 4.11 0
.87 2.24 2.17 0.35 5.13 0.96 13.05 2.62 
355-63 13.0 15.6 87.5 244 19.7 168 9.8 0.70 3.96 480 26.6 52.8 5.92 23.9 4.77 1.03 4.24 4.06 3.58 0.72 1.98 1.9
8 0.30 4.31 0.78 10.80 2.22 
63 15.2 16.7 81.3 308 31.0 476 12.4 0.73 3.93 466 41.3 81.9 9.21 37.0 7.30 1.48 6.46 6.48 5.67 1.16 2.96 3.31 
0.49 12.25 1.08 16.10 3.66 
20 15.8 20.5 115.5 282 26.5 179 11.8 0.79 6.05 632 31.6 64.4 7.26 30.0 6.27 1.30 5.56 5.69 4.71 1.04 2.70 2.64 
0.41 4.77 1.00 14.75 2.95 
Waiau S 355-63 17.9 14.4 36.4 385 16.4 151 5.0 0.97 1.20 362 14.8 29.9 3.65 15.8 3.23 0.94 3.17 3.26 2.96 0
.62 1.74 1.73 0.28 3.78 0.38 4.51 1.02 
63 23.5 16.2 41.5 324 25.5 359 7.1 1.16 2.04 331 21.5 44.0 5.32 23.1 5.17 1.18 4.89 4.89 4.54 0.97 2.67 2.76 
0.45 9.10 0.60 8.00 2.06 
20 20.7 16.8 57.7 224 21.3 122 6.5 1.23 3.36 386 16.5 34.5 4.17 18.4 4.07 0.99 4.23 4.13 3.88 0.82 2.22 2.25 
0.36 3.36 0.53 7.45 1.95 
Waitara 1-355 23.1 17.3 36.6 582 20.1 103 3.9 1.46 1.96 592 14.1 27.9 3.66 17.1 4.23 1.26 4.10 4.01 3.84 0
.76 2.06 2.03 0.30 2.85 0.25 4.92 1.05 
355-63 19.2 15.2 39.1 391 17.4 125 4.6 1.10 1.73 446 14.8 29.2 3.63 16.3 3.77 1.00 3.65 3.52 3.23 0.71 1.72 1.8
1 0.27 3.27 0.35 4.92 1.07 
63 18.7 16.8 41.6 387 23.9 778 6.3 1.14 2.02 427 21.6 43.0 5.15 22.2 4.74 1.12 4.51 4.60 4.29 0.91 2.50 2.82 
0.46 18.50 0.52 8.04 2.22 
Wanganui 355-63 13.2 11.8 53.1 237 14.3 209 6.2 0.84 1.96 356 18.9 36.9 4.16 16.8 3.25 0.73 2.92 3.02 2.47 0






Table C.2: cont. 
River Size Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
63 15.1 13.7 57.1 273 24.5 1145 8.6 1.71 2.37 354 27.8 55.1 6.22 25.2 5.01 1.03 4.38 4.08 0.90 2.69 3.04 0.54 27.30 0.75 10.75 3.26 
Waipaoa l-355 9.3 7.9 42.4 81 8.7 83 4.4 1.15 2.11 573 9.4 19.1 2.18 8.7 1.82 0.40 1.70 1.46 0.31 0.88 0.88 0.15 2.08 0.35 4.30 1.27 
355-63 11.6 10.1 50.5 173 12.3 142 5.5 1.22 2.30 577 12.2 25.5 2.90 12.0 2.60 0.61 2.34 2.11 0.43 1.25 1.28 0.22 3.66 0.42 5.62 1.44 
63 12.4 ll.5 58.1 206 15.9 265 6.6 1.26 2.69 617 14.3 30.3 3.39 14.1 3.23 0.73 2.95 2.67 0.59 1.64 1.78 0.32 6.61 0.55 7.07 1.84 
20 14.2 13.6 70.9 227 17.7 160 7.8 1.36 3.66 622 17.4 36.9 4.11 17.3 3.57 0.81 3.35 3.07 0.66 1.85 1.86 0.32 4.27 0.64 8.53 1.95 
Waiapu 355-63 11.9 12.5 67.3 157 15.4 177 7.3 0.98 2.88 604 17.2 36.9 4.01 16.2 3.38 0.70 3.13 2.84 0.53 1.63 1.69 0.27 4.40 0.59 8.22 1.70 
63 11.8 12.8 70.1 174 19.3 365 8.3 1.14 3.12 620 19.3 41.1 4.47 18.6 3.92 0.80 3.45 3.29 0.70 2.08 2.29 0.36 8.93 0.72 9.50 2.28 
20 15.3 17.7 98.9 182 23.3 186 11.4 1.16 5.17 616 25.9 54.3 6.03 24.6 5.09 1.01 4.67 4.26 0.89 2.48 2.53 0.40 5.01 0.93 12.90 2.50 
Waiau E 355-63 11.8 13.9 77.1 231 17.3 179 8.3 0.74 2.76 510 21.8 42.8 4.95 19.9 4.13 0.84 3.51 3.18 0.66 1.85 1.75 0.28 4.83 0.68 8.88 1.77 
63 13.5 14.9 79.9 242 23.7 526 10.2 0.72 3.04 491 29.7 59.1 6.72 26.9 5.27 1.09 4.62 4.24 0.90 2.41 2.61 0.44 13.05 0.85 11.80 2.65 
20 15.3 17.9 95.8 239 28.0 217 12.8 0.85 4.79 523 35.4 70.7 8.02 32.5 6.55 1.34 5.93 5.21 1.05 2.87 2.72 0.43 5.89 1.04 13.95 2.62 
Whakatane 1-355 11.6 14.0 86.3 120 24.9 143 8.0 1.62 3.71 662 22.7 45.8 5.05 20.3 4.46 0.86 4.03 4.29 0.88 2.51 2.70 0.47 4.10 0.73 10.90 2.25 
355-63 11.6 13.7 69.4 217 16.6 153 6.9 0.91 2.79 567 17.5 33.9 3.85 15.3 3.19 0.86 3.08 2.85 0.65 1.75 1.95 0.29 4.06 0.55 8.09 1.65 
63 12.4 13.2 68.7 267 19.2 546 7.5 1.11 2.68 544 19.6 37.9 4.38 17.8 3.59 0.85 3.32 3.21 0.71 2.11 2.41 0.38 13.15 0.61 8.58 2.15 
Waiho 1-355 16.7 21.1 108.5 399 27.4 246 13.3 1.06 4.32 705 38.2 76.1 8.68 35.2 7.03 1.63 6.06 5.00 1.07 2.73 2.75 0.42 6.38 1.08 14.65 2.87 
355-63 14.9 17.4 74.7 430 26.2 249 12.5 0.85 3.03 491 44.5 85.2 9.57 38.6 7.28 1.53 6.13 4.74 0.99 2.62 2.74 0.40 6.41 1.07 15.95 2.85 
63 14.6 15.2 51.6 472 31.3 956 10.5 0.95 2.36 321 39.7 78.1 9.00 36.1 7.32 1.47 6.28 5.54 1.16 3.24 3.47 0.56 23.90 0.92 15.55 4.19 
20 14.8 22.0 121.5 370 20.9 142 9.9 0.88 5.04 827 24.0 47.5 5.58 22.9 4.75 1.11 4.19 3.91 0.78 2.01 1.94 0.31 3.84 0.79 10.65 2.12 
Wairoa 355-63 13.7 14.8 76.4 267 18.1 210 8.4 1.19 3.68 424 20.1 41.7 4.77 19.1 3.97 0.85 3.51 3.21 0.68 1.85 2.04 0.33 5.32 0.67 9.06 2.05 
63 13.0 14.1 74.3 269 18.9 254 8.1 1.19 3.54 426 20.4 42.0 4.71 19.3 3.93 0.82 3.51 3.38 0.73 1.97 2.17 0.33 6.53 0.68 9.11 2.17 
Waikato 1-355 10.2 14.7 34.7 301 10.7 106 3.7 0.96 20.50 419 11.7 21.2 2.39 9.4 2.03 1.21 1.64 1.73 0.41 1.09 1.16 0.19 2.61 0.28 3.94 0.81 
355-63 16.7 14.8 38.7 258 13.9 177 7.4 1.18 13.05 405 13.0 24.6 2.85 11.7 2.57 1.11 2.49 2.39 0.53 1.48 1.52 0.27 4.08 0.47 4.58 0.98 
63 16.2 14.8 68.0 141 29.1 1405 12.0 1.89 15.65 489 21.0 42.1 4.74 19.5 4.27 0.89 4.17 4.65 1.08 3.20 4.00 0.73 30.10 0.87 10.45 2.94 
Waimakariri 355-63 10.7 14.2 84.1 250 16.5 167 8.4 0.68 3.30 531 24.2 46.8 5.33 21.1 4.36 0.83 3.72 3.04 0.63 1.72 1.63 0.27 4.31 0.70 10.02 2.13 
63 12.5 16.1 96.2 263 25.8 380 11.5 0.86 4.26 538 36.2 69.7 8.01 31.7 6.30 1.13 5.12 4.42 0.97 2.65 2.50 0.42 9.96 1.03 14.95 3.35 
20 14.0 18.9 110.0 253 28.0 203 13.0 1.02 5.92 537 38.0 74.4 8.36 33.2 6.58 1.26 6.01 4.84 0.99 2.82 2.77 0.44 5.57 1.11 15.80 3.22 
Whataroa 355-63 15.5 17.6 78.5 339 29.7 289 15.1 0.76 3.43 461 49.8 94.8 10.65 42.8 8.18 1.60 6.63 5.40 1.10 2.98 3.07 0.43 7.52 1.35 18.25 3.13 
63 15.1 16.1 63.3 364 32.5 446 12.0 0.87 2.96 377 41.1 80.3 9.21 37.2 7.48 1.49 6.71 5.91 1.22 3.35 3.18 0.50 ll.40 1.07 14.65 3.36 
Waitaha 1-355 17.3 17.8 93.0 274 29.6 229 15.2 0.81 4.13 555 32.2 66.0 7.34 30.2 6.21 1.32 5.60 5.07 1.14 3.18 3.42 0.56 6.04 1.22 13.60 2.58 
355-63 14.7 13.0 63.6 227 26.2 206 17.5 0.86 3.20 339 29.6 57.9 6.46 26.3 5.15 1.07 4.72 4.38 0.98 2.82 3.14 0.49 5.27 1.50 11.55 2.13 
63 13.8 12.1 42.3 302 27.7 779 12.2 0.99 2.03 269 30.0 59.6 6.76 27.5 5.55 1.22 5.22 4.71 1.05 2.94 3.39 0.55 19.45 1.17 11.60 2.94 









Size Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu 
Hf Ta Th U 
1-355 11.6 14.0 86.3 120 24.9 143 8.0 1.62 3.71 662 22.7 45.8 5.05 20.3 4.46 0.86 4.03 4.29 0.88 2.51 2.70 0.4
7 4.10 0.73 10.90 2.25 
355-63 11.6 13.7 69.4 217 16.6 153 6.9 0.91 2.79 567 17.5 33.9 3.85 15.3 3.19 0.86 3.08 2.85 0.65 1.75 1.95 0.
29 4.06 0.55 8.09 1.65 
63 12.4 13.2 68.7 267 19.2 546 7.5 1.11 2.68 544 19.6 37.9 4.38 17.8 3.59 0.85 3.32 3.21 0.71 2.11 2.41 0.38
 13.15 0.61 8.58 2.15 
1-355 16.7 21.1 108.5 399 27.4 246 13.3 1.06 4.32 705 38.2 76.1 8.68 35.2 7.03 1.63 6.06 5.00 1.07 2.73 2.75 0.4
2 6.38 1.08 14.65 2.87 
355-63 14.9 17.4 74.7 430 26.2 249 12.5 0.85 3.03 491 44.5 85.2 9.57 38.6 7.28 1.53 6.13 4.74 0.99 2.62 2.74 0.
40 6.41 1.07 15.95 2.85 
63 14.6 15.2 51.6 472 31.3 956 10.5 0.95 2.36 321 39.7 78.1 9.00 36.1 7.32 1.47 6.28 5.54 1.16 3.24 3.47 0.56
 23.90 0.92 15.55 4.19 
20 14.8 22.0 121.5 370 20.9 142 9.9 0.88 5.04 827 24.0 47.5 5.58 22.9 4.75 1.11 4.19 3.91 0.78 2.01 1.94 0.31
 3.84 0.79 10.65 2.12 
355-63 13.7 14.8 76.4 267 18.1 210 8.4 1.19 3.68 424 20.1 41.7 4.77 19.1 3.97 0.85 3.51 3.21 0.68 1.85 2.04 0.3
3 5.32 0.67 9.06 2.05 
63 13.0 14.1 74.3 269 18.9 254 8.1 1.19 3.54 426 20.4 42.0 4.71 19.3 3.93 0.82 3.51 3.38 0.73 1.97 2.17 0.33
 6.53 0.68 9.11 2.17 
1-355 10.2 14.7 34.7 301 10.7 106 3.7 0.96 20.50 419 11.7 21.2 2.39 9.4 2.03 1.21 1.64 1.73 0.41 1.09 1.16 0.1
9 2.61 0.28 3.94 0.81 
355-63 16.7 14.8 38.7 258 13.9 177 7.4 1.18 13.05 405 13.0 24.6 2.85 11.7 2.57 1.11 2.49 2.39 0.53 1.48 1.52 0.2
7 4.08 0.47 4.58 0.98 
63 16.2 14.8 68.0 141 29.1 1405 12.0 1.89 15.65 489 21.0 42.1 4.74 19.5 4.27 0.89 4.17 4.65 1.08 3.20 4.00 0.73
 30.10 0.87 10.45 2.94 
355-63 10.7 14.2 84.1 250 16.5 167 8.4 0.68 3.30 531 24.2 46.8 5.33 21.1 4.36 0.83 3.72 3.04 0.63 1.72 1.63 0.
27 4.31 0.70 10.02 2.13 
63 12.5 16.1 96.2 263 25.8 380 11.5 0.86 4.26 538 36.2 69.7 8.01 31.7 6.30 1.13 5.12 4.42 0.97 2.65 2.50 0.42
 9.96 1.03 14.95 3.35 
20 14.0 18.9 110.0 253 28.0 203 13.0 1.02 5.92 537 38.0 74.4 8.36 33.2 6.58 1.26 6.01 4.84 0.99 2.82 2.77 0.44
 5.57 1.11 15.80 3.22 
355-63 15.5 17.6 78.5 339 29.7 289 15.1 0.76 3.43 461 49.8 94.8 10.65 42.8 8.18 1.60 6.63 5.40 1.10 2.98 3.07 0.
43 7.52 1.35 18.25 3.13 
63 15.1 16.1 63.3 364 32.5 446 12.0 0.87 2.96 377 41.1 80.3 9.21 37.2 7.48 1.49 6.71 5.91 1.22 3.35 3.18 0.50
 11.40 1.07 14.65 3.36 
1-355 17.3 17.8 93.0 274 29.6 229 15.2 0.81 4.13 555 32.2 66.0 7.34 30.2 6.21 1.32 5.60 5.07 1.14 3.18 3.42 0.5
6 6.04 1.22 13.60 2.58 
355-63 14.7 13.0 63.6 227 26.2 206 17.5 0.86 3.20 339 29.6 57.9 6.46 26.3 5.15 1.07 4.72 4.38 0.98 2.82 3.14 0.
49 5.27 1.50 11.55 2.13 
63 13.8 12.1 42.3 302 27.7 779 12.2 0.99 2.03 269 30.0 59.6 6.76 27.5 5.55 1.22 5.22 4.71 1.05 2.94 3.39 0.55






198 Sediment Geochemical Data 
Table D.l: Bounty Fan sediment major element data. 
# SamJ21e Name mbsf Si02 Ti02 AkO, Fe,O, MnO MgO CaO Na20 K,O PzOs LOI Total 1 181 1122b 001h 02w 19-21 1.69 63.63 0.55 11.87 2.86 0.06 1.34 8.24 4.04 1.20 0.21 5.66 99.66 2 181 1122c 002h 02w 74-76 4.74 70.97 0.58 11.96 2.73 0.05 1.03 4.36 4.10 1.18 0.20 2.71 99.87 3 181 1122b 001h 06w 102-104 8.52 69.32 0.47 11.50 2.68 0.05 1.12 4.97 4.25 1.19 0.16 5.08 100.79 4 181 1122c 003h 01w 99-101 10.49 66.24 0.51 12.65 3.17 0.06 1.35 5.40 4.45 1.36 0.18 5.10 100.47 5 181 1122c 002h 06w 135-137 11.35 70.70 0.46 11.90 2. 71 0.05 1.02 4.08 4.86 0.97 0.19 3.12 100.06 6 181 1122c 004h 07w 39-41 23.30 65.87 0.67 13.21 3.84 0.07 1.55 5.23 4.21 1.46 0.22 3.77 100.10 7 181 1122c 005h 06w 96-98 31.96 63.58 0.65 13.95 4.21 0.07 1.82 4.98 4.92 1.51 0.22 3.73 99.64 8 181 1122c 006h 01w 67-69 35.17 65.64 0.56 12.59 3.42 0.06 1.43 5.54 4.53 1.10 0.22 5.85 100.94 9 181 1122c 006h 06w 58-60 41.08 69.57 0.60 11.49 2.83 0.06 1.08 5.77 3.90 1.16 0.14 3.97 100.57 10 181 1122c 007h 02w 55-57 44.55 71.41 0.51 11.80 2.63 0.05 1.08 4.61 4.00 1.21 0.15 3.28 100.73 11 181 1122c 007h 06w 18-20 50.18 71.47 0.46 11.68 2.64 0.05 1.05 4.32 4.50 1.01 0.17 2.74 100.09 12 181 1122c 008h 01w 51-53 52.51 70.73 0.41 11.24 2.42 0.05 0.98 4.30 5.11 0.90 0.17 3.20 99.51 13 181 1122c 008h 06w 71-73 60.21 63.50 0.64 13.44 3.97 0.07 1.62 5.96 4.36 1.40 0.22 5.16 100.34 14 181 1122c 010h 06w 94-95 79.44 60.58 0.70 13.65 4.41 0.07 1.98 6.04 4.64 1.82 0.22 5.08 99.19 15 181 1122c Ollh 04w 70-72 85.70 65.47 0.63 13.08 3.74 0.06 1.31 5.56 4.44 1.22 0.24 3.81 99.56 16 181 1122c 012h 06w 6-8 94.48 63.73 0.74 13.31 4.04 0.07 1.73 5.43 4.12 1.57 0.24 4.58 99.56 17 181 1122c 013h 06w 84-86 103.26 61.78 0.62 12.72 3.94 0.06 1.68 5.96 4.30 1.71 0.19 6.08 99.04 18 181 1122c 014x 01w 106-108 104.76 55.32 0.79 13.56 4.79 0.08 2.22 9.30 3.74 1.89 0.24 7.75 99.68 19 181 1122c 014x 03w 78-80 107.48 58.79 0.78 14.78 5.27 0.08 2.28 5.04 4.14 2.15 0.21 5.70 99.22 20 181 1122c 015x 01w 10-12 108.10 56.75 0.88 15.82 6.01 0.09 2.59 4.89 4.14 2.45 0.22 5.23 99.07 21 181 1122c 015x 02w 138-140 110.88 52.75 0.94 15.35 6.40 0.10 2.84 7.27 3.67 2.58 0.21 7.24 99.35 22 181 1122c 016x 01w 74-76 118.34 56.44 0.87 15.88 6.09 0.09 2.64 5.17 3.87 2.57 0.20 6.29 100.11 23 181 1122c 017x 04w 140-142 133.10 57.82 0.74 14.15 4.65 0.07 1.97 7.07 4.19 2.01 0.20 7.25 100.12 24 181 1122c 018x 01w 6-8 136.96 62.14 0.75 14.53 4.57 0.07 1.85 5.02 3.89 2.10 0.21 5.15 100.28 25 181 1122c 019x 01 w 35-37 146.85 59.17 0.88 16.26 5.70 0.09 2.42 4.20 4.10 2.51 0.22 5.15 100.70 26 181 1122c 019x 03w 86-88 150.36 60.62 0.78 14.43 4.83 0.09 1.94 5.45 4.14 1.99 0.21 5.38 99.86 27 181 1122c 020x 01 w 6-9 156.69 49.22 0.83 14.17 5.80 0.11 2.51 11.33 3.00 2.32 0.21 10.04 99.54 28 181 1122c 021x 01 w 18-20 165.88 63.15 0.68 14.13 4.22 0.07 1.65 4.88 3.94 1.90 0.20 5.01 99.83 29 181 1122c 022x 01 w 15-17 175.45 59.45 0.78 15.48 5.32 0.08 2.22 4.06 4.38 2.64 0.20 5.36 99.97 30 181 1122c 022x 01 w 128-130 176.58 58.63 0.66 13.46 4.38 0.07 1.90 7.21 4.35 1.84 0.20 6.75 99.45 31 181 1122c 023x 01 w 10-12 185.10 63.27 0.73 14.56 4.5 1 0.07 1.84 3.88 4.53 2.04 0.21 3.42 99.06 32 181 1122c 023x 02w 56-58 187.06 60.17 0.66 13.43 4.08 0.07 1.82 7.02 4.28 1.80 0.19 5.79 99.31 33 181 1122c 024x 01 w 15-17 194.85 58.74 0.85 15.95 5.87 0.09 2.45 4.57 3.67 2.56 0.21 4.59 99.55 34 181 1122c 025x 01w 30-32 204.60 69.58 0.54 11.93 2.80 0.05 1.16 5.04 3.90 1.20 0.18 3.73 100.11 35 181 1122c 026x 01 w 28-30 214.28 53.89 0.72 13.64 4.83 0.07 2.11 9.60 3.94 1.98 0.19 8.19 99.16 36 181 1122c 027x 01 w 10-12 223.80 59.83 0.79 15.37 5.28 0.08 2.18 4.33 4.07 2.51 0.19 4.78 99.41 37 181 1122c 028x 01 w 5-7 233.35 55.69 0.79 14.53 5.79 0.08 2.41 6.34 3.45 2.54 0.16 7.26 99.04 38 181 1122c 029x 03w 133-135 247.23 46.44 0.85 14.36 6.30 0.10 2.86 11.37 3.17 2.58 0.20 12.18 100.41 39 181 1122c 030x 01w 10-12 252.60 42.55 0.73 12.02 5.23 0.09 2.55 16.46 2.95 1.96 0.20 15.38 100.12 40 181 1122c 030x 05w 8-10 258.58 59.13 0.59 12.42 4.22 0.06 1.60 7.98 3.93 1.64 0.17 7.50 99.24 41 181 1122c 031x 01 w 4042 262.10 62.79 0.74 14.72 4.70 0.08 1.88 4.51 3.96 2.06 0.20 4.58 100.22 42 181 1122c 031x CCW 10-12 266.28 54.99 0.86 15.74 6.05 0.09 2.61 6.19 3.22 2.79 0.18 6.99 99.71 43 181 1122c 032x 01 w 25-27 271.55 56.24 0.98 17.33 6.64 0.10 2.87 4.47 2.99 3.20 0.21 5.19 100.22 44 181 1122c 032x 02w 57-59 273.37 59.71 0.82 16.19 5.80 0.09 2.44 3.95 3.73 2.59 0.20 4.04 99.56 45 181 1122c 033x 01 w 25-26 280.95 56.64 0.89 16.12 6.17 0.09 2.78 4.39 3.67 2.86 0.19 6.02 99.82 46 181 1122c 034x 01 w 48-50 290.88 54.05 0.94 16.59 6.70 0.10 3.01 5.32 3.34 2.87 0.20 6.43 99.55 47 181 1122c 034x 05w 120-122 297.60 61.11 0.76 14.69 5.20 0.08 2.05 4.56 3.68 2.07 0.19 5.05 99.44 48 181 1122c 036x 01w 34-36 309.94 47.36 0.77 13.23 5.58 0.10 2.60 11.81 3.09 2.23 0.21 12.15 99.13 49 181 1122c 038x 01w 6-8 328.96 62.76 0.84 14.74 4.61 0.07 1.96 4.40 3.81 2.14 0.21 4.53 100.07 50 181 1122c 038x 03w 135-137 333.25 52.58 0. 78 13.48 4.78 0.09 2.25 10.30 3.74 1.97 0.21 9.57 99.75 51 181 1122c 039x 02w 4749 340.47 62.96 0.75 13.56 3.96 0.07 1.67 5.28 3.85 1.90 0.21 5.27 99.48 52 181 1122c 039x 03w 37-39 341.87 56.38 0.58 12.30 3.92 0.07 1.80 9.63 3.74 1.58 0.17 8.92 99.09 53 181 1122c 041x 01w 113-115 359.03 48.93 0.64 13.17 4.74 0.09 2.34 12.20 3.26 2.33 0.17 12.12 99.99 54 181 1122c 042x 01w 130-132 368.80 54.86 0.53 10.70 3.27 0.06 1.61 12.95 3.70 1.21 0.17 11.50 100.56 55 181 1122c 044x 04w 56-60 391.96 59.67 0.61 12.35 3.79 0.06 1.49 8.60 3.67 1.57 0.18 7.34 99.33 56 181 1122c 045x 01w 58-60 397.18 43.35 0.42 8.60 2.68 0.06 1.50 21.38 3.37 0.99 0.15 17.97 100.47 57 181 1122c 045 04w 91-93 402.01 64.98 0.64 11.93 3.28 0.06 1.12 6.90 4.14 1.06 0.23 4.85 99.19 58 181 1122c 047x 04w 77-79 421.17 68.62 0.46 10.79 2.51 0.04 0.95 6.09 4.25 1.02 0.17 4.70 99.60 59 181 1122c 048x 01 w 97-99 426.47 66.02 0.55 11.38 2.76 0.05 1.06 6.80 3.84 1.27 0.17 6.08 99.98 
199 
Table D.l: cont. 
# SamQle Name mbsf SiO, Ti01 Al20 3 Fe,O, MnO M~O CaO Na20 K,O PzOs LOI Total 
60 181 1122c 048x 05w 12-14 431.62 54.80 0.69 12.97 4.51 0.08 1.93 10.09 3.34 2.19 0.16 9.28 !00.04 
61 181 1122c 049x 04w 15-17 439.85 62.90 0.71 13.36 3.89 0.06 1.47 6.17 3.74 1.84 0.19 6.54 100.87 
62 181 1122c 051x 01 w 45-47 454.85 61.86 0.83 15.15 5.81 0.08 2.48 2.26 3.74 2.66 0.20 3.94 99.01 
63 181 1122c 051x 05w 111-114 461.51 61.45 0.64 12.71 4.03 0.07 1.59 7.10 3.66 1.73 0.18 5.87 99.03 
64 181 1122c 052x 01 w 93-95 465.03 49.05 0.66 11.24 4.14 0.10 1.74 15.75 2.76 1.74 0.19 13.12 100.49 
65 181 1122c 052x 06w 70-72 472.30 56.87 0.63 11.83 4.00 0.09 1.67 9.98 3.56 1.75 0.17 9.20 99.75 
66 181 1122c 056x 04w 6-8 506.86 65.31 0.59 13.38 4.04 0.06 1.49 4.49 4.03 1.67 0.18 4.64 99.88 
67 181 1122c 057x 01w 73-75 512.63 62.77 0.66 14.36 4.59 0.07 1.74 4.65 3.52 2.13 0.17 4.47 99.13 
68 181 1122c 058x 01 w 28-30 521.78 65.43 0.52 13.55 4.06 0.06 1.56 4.66 3.45 1.85 0.14 4.93 100.21 
69 181 1122c 061x 01 w 24-26 550.64 65.05 0.40 12.00 3.37 0.06 1.29 6.82 4.09 1.38 0.15 4.89 99.50 
70 181 1122c 062x 01w 12-14 560.12 64.91 0.60 12.52 3.77 0.06 1.46 5.36 4.28 1.23 0.18 5.59 99.96 
71 1811122c064x01w 130-132 580.60 59.07 0.45 11.90 3.61 0.07 1.41 9.51 3.81 1.41 0.18 8.39 99.81 




I Table D.2: Bounty Fan sediment trace element data. 
# SamJ21e Name mbsf Sc Ga Rb Sr y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd !)y Ho Er Yb Lu Hf Ta Th u 1 181 1122b OO!h 02w 19-21 1.69 14.8 12.0 31.4 595 21.5 225 6.2 0.74 1.08 287 25.1 49.3 5.72 23.7 4.71 1.16 4.48 3.94 0.79 2.15 2.11 0.33 5.67 0.50 8.13 1.90 
2 181 1122c 002h 02w 74-76 4.74 14.9 11.9 32.1 439 22.6 352 7.4 0.69 1.00 272 30.1 58.4 6.71 27.1 5.38 1.20 5.14 4.11 0.83 2.28 2.35 0.35 8.82 0.60 9.71 2.10 
3 181 1122b OOlh 06w 102-104 8.52 12.6 10.6 34.2 392 18.3 188 6.2 0.82 1.28 254 22.7 45.1 5.14 21.2 4.28 0.93 3.71 3.44 0.66 1.87 1.72 0.26 4.86 0.51 8.02 1.83 
4 181 1122c 003h Olw 99-101 10.49 !4.5 12.3 39.7 441 19.9 201 6.3 0.75 1.49 309 22.7 45.2 5.25 22.0 4.53 1.04 4.18 3.68 0.75 1.97 1.89 0.29 5.00 0.52 7.99 1.77 5 181 1122c 002h 06w 135-137 11.35 14.4 10.9 27.7 360 18.9 204 5.5 0.80 1.11 208 22.1 43.7 5.07 21.2 4.46 0.98 3.98 3.55 0.72 1.97 1.87 0.29 5.20 0.45 7.39 1.58 6 181 1122c 004h 07w 39-41 23.3 17.1 13.8 42.6 453 24.3 270 8.0 0.96 1.66 347 27.8 55.3 6.42 27.0 5.43 1.27 5.04 4.54 0.90 2.46 2.46 0.39 6.75 0.63 9.64 2.23 
7 181 1122c 005h 06w 96-98 31.96 16.8 14.7 42.9 454 22.8 194 7.3 0.95 1.70 364 24.8 49.6 5.87 24.3 5.07 1.17 4.79 4.18 0.85 2.36 2.19 0.33 4.94 0.61 8.59 1.83 
8 181 1122c 006h 01 w 67-69 35.17 14.5 12.1 29.5 460 19.3 165 6.8 0.93 1.10 265 22.3 45.0 5.23 22.0 4.60 1.05 4.28 3.58 0.74 1.92 1.85 0.28 3.92 0.52 7.12 1.63 
9 181 1122c 006h 06w 58-60 41.08 12.6 10.8 26.4 491 17.7 356 6.2 0.83 0.60 317 25.9 49.3 5.61 22.7 4.34 0.99 3.75 3.24 0.66 1.83 1.85 0.29 8.51 0.58 7.39 1.73 10 181 1122c 007h 02w 55-57 44.55 12.5 10.9 29.9 442 16.6 253 6.1 1.07 0.83 316 23.5 45.9 5.31 21.2 4.11 0.99 3.74 3.09 0.60 1.68 1.63 0.26 6.10 0.49 7.19 1.42 
II 181 1122c 007h 06w 18-20 50.18 !3.5 10.8 27.7 394 17.4 235 5.5 0.77 0.95 244 21.4 42.2 4.81 20.0 3.95 0.95 3.61 3.28 0.65 1.79 1.62 0.28 5.75 0.46 6.53 1.37 
12 181 1122c 008h 01w 51-53 52.51 12.1 9.8 25.2 359 15.8 167 5.1 0.71 0.94 211 19.1 38.1 4.40 17.9 3.64 0.87 3.21 2.96 0.62 1.59 1.57 0.24 4.05 0.42 6.24 1.34 13 181 1122c 008h 06w 71-73 60.21 16.7 13.9 41.5 498 23.3 182 7.9 0.79 1.64 332 25.3 51.4 6.00 25.0 5.19 1.23 4.91 4.45 0.93 2.40 2.14 0.32 4.56 0.63 8.83 1.92 
14 181 1122c O!Oh 06w 94-95 79.44 16.4 14.8 51.9 519 23.4 229 8.7 1.14 2.03 447 27.5 54.7 6.27 25.7 5.27 1.27 4.79 4.14 0.88 2.34 2.34 0.34 5.79 0.65 9.60 2.11 
15 181 ll22c Ollh 04w 70-72 85.7 17.9 14.1 36.5 489 27.1 292 7.6 0.92 1.41 279 28.5 57.1 6.63 27.6 5.81 1.39 5.44 4.99 0.99 2.71 2.73 0.39 7.38 0.64 9.89 2.13 
16 181 1!22c 012h 06w 6-8 94.48 17.6 14.5 45.3 473 27.5 287 9.1 0.88 1.72 398 32.2 63.9 7.47 30.4 6.35 1.47 5.71 4.99 1.06 2.75 2.57 0.39 7.21 0.72 11.15 2.34 
17 181 1122c 0!3h 06w 84-86 103.26 15.2 13.6 51.1 492 22.8 230 7.9 1.05 2.05 438 27.1 52.9 6.17 25.2 5.16 1.17 4.64 4.12 0.86 2.32 2.21 0.36 5.86 0.65 10.07 2.14 
18 181 1122c 014x Olw 106-108 104.76 16.8 15.4 54.5 622 25.1 242 9.2 0.96 2.30 517 28.4 57.0 6.73 28.3 5.64 1.35 5.27 4.57 0.95 2.58 2.71 0.38 6.12 0.71 10.30 2.32 
19 181 1122c 014x 03w 78-80 107.48 17.0 16.6 63.8 422 24.1 204 9.6 1.00 2.81 524 27.5 55.2 6.49 26.9 5.71 1.33 4.96 4.51 0.90 2.45 2.30 0.37 5.20 0.74 10.45 2.12 
20 181 1122c 015x OJ w 10-12 108.1 19.0 18.0 75.8 430 27.3 207 10.5 0.99 3.26 564 27.8 55.9 6.51 27.5 5.76 1.39 5.62 5.24 1.03 2.73 2.68 0.40 5.29 0.81 10.65 2.36 
21 181 1122c 015x 02w 138-140 110.88 18.6 18.1 83.2 462 27.4 209 11.5 1.43 3.61 599 27.3 55.0 6.40 26.6 5.47 1.32 5.23 4.89 0.99 2.68 2.72 0.42 5.51 0.90 11.20 2.48 
22 181 1122c OJ6x Olw 74-76 118.34 18.8 18.2 82.0 418 26.5 211 10.7 2.52 3.70 599 28.6 57.2 6.65 28.2 5.88 1.41 5.34 5.03 1.02 2.73 2.47 0.39 5.63 0.81 11.40 2.64 
23 181 1122c 017x 04w 140-142 133.1 17.2 15.4 61.9 479 24.9 193 9.0 1.46 2.79 502 27.3 54.1 6.32 26.3 5.36 1.27 5.25 4.56 0.93 2.50 2.62 0.37 5.05 0.72 10.75 2.60 
24 181 1122c 018x Olw 6-8 136.96 17.6 16.3 65.6 430 27.3 255 9.9 1.18 2.82 475 30.5 60.6 7.03 29.2 5.96 1.32 5.61 4.89 1.01 2.71 2.56 0.41 6.53 0.80 11.65 2.50 25 181 1122c 019x Olw 35-37 146.85 19.4 18.4 77.6 405 27.6 226 10.4 1.10 3.45 556 29.3 58.7 6.87 28.2 5.84 1.39 5.63 5.16 1.04 2.90 2.71 0.40 5.90 0.83 11.95 2.36 
26 181 1122c 019x 03w 86-88 150.36 18.1 16.3 61.8 455 27.0 234 9.6 0.96 2.66 440 29.4 59.2 6.76 28.3 5.83 1.39 5.69 5.08 1.00 2.77 2.55 0.39 6.11 0.78 11.35 2.43 
27 181 1122c 020x 01 w 6-9 156.69 17.1 16.7 73.7 653 25.7 215 9.7 3.25 3.54 607 26.2 52.3 6.04 25.6 5.20 1.27 4.99 4.61 0.97 2.54 2.57 0.41 5.57 0.81 11.00 2.49 
28 181 1122c 02lx Olw 18-20 165.88 17.0 15.4 58.9 430 25.7 288 8.8 1.13 2.54 427 29.2 57.9 6.74 28.6 5.73 1.27 5.09 4.79 0.93 2.68 2.61 0.40 7.27 0.75 11.05 2.49 
29 181 1122c 022x 01w 15-17 175.45 17.5 17.5 85.7 369 25.8 217 10.5 1.09 3.85 544 29.6 58.9 6.71 28.1 5.79 1.32 5.18 4.69 0.95 2.62 2.64 0.40 5.68 0.82 12.60 2.50 
30 181 1122c 022x 01w 128-130 176.58 16.0 14.8 55.6 529 23.3 219 8.0 1.18 2.31 443 26.7 53.5 6.23 25.8 5.42 1.20 4.87 4.35 0.87 2.33 2.21 0.37 5.63 0.68 10.30 2.20 
Table D .2: cont. 
# Sample Name mbsf Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Hf Ta Th U 
31 181 1122c 023x Olw 10-12 185.1 17.0 15.6 63.2 397 25.8 242 9.5 0.88 2.68 468 29.7 59.7 6.86 28.3 5.76 1.34 5.40 4.90 0.95 2.60 2.56 0.39 6.24 0.77 11.25 2.33 
32 181 1122c 023x 02w 56-58 187.06 15.9 14.2 54.9 506 22.5 208 7.9 0.88 2.25 450 24.7 49.6 5.73 23.8 5.10 1.16 4.65 4.10 0.81 2.24 2.05 0.33 5.27 0.65 9.12 1.95 
33 181 1122c 024x 01w 15-17 194.85 18.4 17.8 80.1 400 27.0 222 10.3 1.01 3.58 561 29.5 58.5 6.85 28.2 6.02 1.34 5.50 4.92 1.05 2.69 2.63 0.42 5.93 0.83 12.25 2.34 
34 181 1122c 025x 01w 30-32 204.6 14.1 11.8 33.9 451 20.7 279 6.7 0.80 1.17 296 26.3 51.7 6.02 24.3 4.71 1.10 4.15 3.73 0.76 2.09 1.95 0.34 6.94 0.56 8.64 1.85 
35 181 1122c 026x 01w 28-30 214.28 16.3 15.2 60.9 630 23.9 204 8.7 1.17 2.63 499 26.1 51.2 6.05 25.0 5.17 1.23 4.75 4.32 0.89 2.47 2.41 0.35 5.23 0.71 10.05 2.18 
36 181 ll22c 027x 01w 10-12 223.8 17.5 17.3 79.7 387 25.7 226 10.2 1.11 3.64 544 28.7 57.2 6.68 27.2 5.71 1.34 5.25 4.60 0.97 2.67 2.69 0.40 5.93 0.79 11.85 2.47 
37 181 1122c 028x 01w 5-7 233.35 16.7 17.0 82.4 417 23.3 185 9.9 1.89 4.03 620 24.9 50.2 5.78 24.0 4.98 1.15 4.72 4.33 0.87 2.43 2.37 0.38 4.95 0.80 10.95 2.30 
38 181 1122c 029x 03w 133-135 247.23 16.7 17.1 83.7 664 24.9 179 10.1 2.97 4.14 643 24.4 47.9 5.61 23.9 4.98 1.14 4.51 4.48 0.90 2.52 2.41 0.38 4.71 0.80 11.10 3.45 
39 181 1122c 030x 01w 10-12 252.6 15.1 14.2 63.8 994 23.1 170 8.8 2.96 2.97 575 22.7 44.5 5.29 21.7 4.53 1.09 4.33 3.94 0.81 2.29 2.06 0.34 4.53 0.72 9.50 3.46 
40 181 1122c 030x OSw 8-10 258.58 15.3 13.4 51.4 516 21.4 203 7.5 1.83 2.26 395 24.2 47.4 5.54 22.9 4.69 1.07 4.37 3.96 0.82 2.11 2.05 0.33 5.23 0.61 8.85 2.32 
41 181 1122c 031x Olw 40-42 262.1 17.2 16.1 64.0 402 25.1 210 9.1 1.10 2.86 451 27.5 55.9 6.46 26.5 5.61 1.22 5.24 4.61 0.94 2.52 2.55 0.39 5.46 0.73 10.80 2.37 
42 181 1122c 031x CCW 10-12 266.28 17.9 18.4 89.9 450 26.3 200 10.8 1.84 4.21 593 27.9 56.1 6.54 27.0 5.67 1.30 5.23 4.68 0.98 2.64 2.61 0.42 5.18 0.87 12.20 3.16 
43 181 ll22c 032x 01w 25-27 271.55 19.5 20.2 102.5 372 28.4 228 12.2 1.31 4.82 617 30.2 60.8 7.04 29.5 6.23 1.44 5.60 5.24 1.09 2.95 2.88 0.45 6.18 0.96 13.65 2.80 
44 181 1122c 032x 02w 57-59 273.37 18.5 18.3 81.3 381 26.1 208 9.8 1.11 3.83 507 27.6 55.8 6.49 27.0 5.67 1.34 5.25 4.85 1.00 2.63 2.69 0.38 5.46 0.78 11.85 2.28 
45 181 1122c 033x 01w 25-26 280.95 18.6 19.0 92.0 373 26.4 210 11.1 1.00 4.34 545 28.3 56.8 6.55 26.7 5.75 1.26 5.40 4.92 1.03 2.76 2.72 0.42 5.51 0.88 12.60 2.45 
46 181 1122c 034x 01w 48-50 290.88 18.4 19.2 86.2 426 26.0 194 11.1 1.39 4.16 990 26.8 54.0 6.28 26.1 5.57 1.38 5.39 4.74 0.98 2.71 2.96 0.43 5.16 0.83 11.70 2.71 
47 181 1122c 034x OSw 120-122 297.6 17.8 16.0 64.3 413 25.0 186 8.9 1.42 2.89 408 26.6 53.6 6.24 26.4 5.37 1.28 5.03 4.51 0.95 2.52 2.42 0.37 5.10 0.72 10.75 2.13 
48 181 1122c 036x 01w 34-36 309.94 16.3 15.5 71.8 744 24.4 172 9.0 1.61 3.40 500 24.1 47.6 5.61 23.6 4.76 1.14 4.61 4.36 0.90 2.45 2.31 0.41 4.69 0.73 10.20 3.81 
49 181 ll22c 038x 01w 6-8 328.96 18.7 16.6 69.1 427 28.7 230 10.7 0.76 3.11 509 31.3 63.4 7.36 30.2 6.16 1.43 5.98 5.22 1.10 2.93 2.79 0.43 5.89 0.84 11.95 2.37 
SO 181 1122c 038x 03w 135-137 333.25 16.7 15.3 61.2 722 26.2 187 9.4 0.99 2.65 415 26.3 52.1 6.04 25.3 5.37 1.21 5.02 4.67 0.92 2.50 2.35 0.37 4.83 0.73 10.03 2.46 
51 181 ll22c 039x 02w 47-49 340.47 16.6 15.3 57.8 500 27.4 333 10.6 1.07 2.36 368 33.6 67.0 7.62 30.7 6.30 1.37 5.38 5.05 1.02 2.79 2.69 0.42 8.26 0.83 12.20 2.61 
52 181 ll22c 039x 03w 37-39 341.87 15.0 12.8 47.8 654 21.9 167 7.0 1.25 2.02 322 24.3 47.8 5.61 23.3 4.56 1.09 4.46 4.06 0.82 2.18 2.11 0.32 4.23 0.59 9.18 2.21 
53 181 1122c 041x 01w 113-115 359.03 14.1 15.1 77.9 837 20.2 153 8.2 1.11 3.65 506 22.1 43.4 5.09 21.2 4.36 1.00 3.98 3.66 0.75 2.02 2.01 0.30 3.99 0.62 9.37 3.14 
54 181 1122c 042x Olw 130-132 368.8 13.5 11.6 36.0 1000 19.5 147 6.6 1.57 1.46 249 22.2 44.7 5.17 21.4 4.32 1.04 3.93 3.51 0.72 1.92 1.85 0.28 3.76 0.54 8.01 1.83 
55 181 ll22c 044x 04w 56-60 391.96 15.6 13.5 48.2 591 24.0 207 7.8 1.54 2.06 315 28.1 55.4 6.50 26.6 5.19 1.19 5.02 4.47 0.87 2.37 2.26 0.33 5.25 0.64 10.20 2.20 
56 181 1122c 045x 01 w 58-60 397.18 11.3 9.0 28.2 1075 18.9 156 5.0 0.78 1.19 220 19.8 39.5 4.50 18.7 3.87 0.90 3.78 3.41 0.68 1.80 1.87 0.29 3.87 0.40 6.58 1.89 
57 181 1122c 045 04w 91-93 402.01 17.5 13.1 32.1 576 27.5 337 8.0 1.68 1.27 212 31.1 61.8 7.13 29.2 6.01 1.39 5.51 4.86 1.02 2.63 2.68 0.40 8.31 0.66 10.50 2.51 
58 181 1122c 047x 04w 77-79 421.17 12.9 10.4 30.1 440 18.7 293 6.1 0.86 1.17 207 23.2 45.8 5.23 21.2 4.45 0.96 3.85 3.28 0.72 1.87 1.87 0.31 7.12 0.49 7.90 1.84 
59 181 1122c 048x 01w 97-99 426.47 15.0 12.0 39.1 496 22.6 265 7.6 0.79 1.65 254 26.7 52.9 6.13 25.1 5.15 1.16 4.50 4.17 0.87 2.29 2.25 0.35 6.59 0.62 9.63 2.19 
60 181 1122c 048x 05w 12-14 431.62 15.7 15.1 71.9 563 24.8 217 9.2 0.77 3.31 520 27.1 54.7 6.16 25.3 5.42 1.20 4.83 4.48 0.93 2.49 2.57 0.36 5.66 0.75 10.80 2.61 
Table D.2: cont. 
# Sample Name mbsf Sc Ga Rb Sr Y Zr Nb Mo Cs Ba La Ce Pr Nd Sm Eu Gd Dv Ho Er Yb Lu Hf Ta 
61 181 1122c 049x 04w 15-17 439.85 16.8 14.7 57.3 492 26.4 265 9.4 1.06 2.41 386 29.6 58.9 6.83 27.7 5.80 1.30 5.39 4.91 0.98 2.63 2.63 0.40 6.74 0.75 
62 181 1122c 051x 01w 45-47 454.85 18.7 18.5 91.4 317 30.0 226 11.3 0.74 4.51 946 30.9 62.7 7.18 29.7 6.25 1.36 5.82 5.51 1.13 2.95 2.89 0.44 5.89 0.89 
63 181 1122c 051x 05w 111-114 461.51 15.8 13.9 54.8 470 23.4 212 8.2 1.10 2.34 342 26.7 52.8 6.12 25.1 5.17 1.24 4.73 4.41 0.88 2.35 2.37 0.36 5.42 0.64 
64 181 ll22c 052x 01w 93-95 465.03 14.5 13.5 56.6 627 23.8 194 8.4 0.70 2.72 423 25.0 48.7 5.79 23.6 5.14 1.18 4.49 4.34 0.85 2.32 2.29 0.37 5.08 0.67 
65 181 1122c 052x 06w 70-72 472.3 15.4 13.4 56.4 473 24.0 218 8.2 0.77 2.57 502 25.4 50.4 5.89 24.6 5.03 1.15 4.59 4.29 0.90 2.37 2.41 0.37 5.57 0.65 
66 181 1122c 056x 04w 6-8 506.86 17.2 14.2 53.2 368 23.2 238 8.1 1.14 2.43 327 25.4 50.5 5.81 24.2 5.20 1.22 4.77 4.20 0.88 2.35 2.26 0.36 6.14 0.67 
67 181 1122c 057x 01w 73-75 512.63 17.7 16.2 68.2 374 24.7 240 9.2 1.16 3.08 414 27.0 53.1 6.24 25.8 5.29 1.24 5.14 4.40 0.97 2.52 2.51 0.36 6.16 0.75 
68 181 1122c 058x 01w 28-30 521.78 14.8 13.9 57.9 341 19.2 164 7.2 0.94 2.61 347 21.1 41.9 4.91 20.4 4.20 1.01 4.13 3.64 0.72 1.95 1.95 0.29 4.06 0.54 
69 181 1122c 061x 01w 24-26 550.64 13.2 11.4 43.6 319 17.0 144 6.1 0.71 1.97 274 17.7 33.0 4.06 17.0 3.43 0.83 3.33 2.90 0.62 1.72 1.72 0.27 3.64 0.54 
70 181 ll22c 062x 01w 12-14 560.12 14.0 12.1 38.2 338 17.8 149 7.2 0.82 1.74 241 19.1 37.0 4.43 18.5 4.00 0.96 3.46 3.34 0.69 1.77 1.62 0.26 3.81 0.72 
71 181 1122c 064x 01w 130-132 580.6 13.2 11.5 41.5 452 20.0 145 5.3 2.26 1.96 324 18.5 34.1 4.31 18.6 3.97 0.91 3.79 3.35 0.73 1.94 1.94 0.30 3.66 0.42 


















In the beginning, this thesis was a project on the Bounty Fan. Part of 
the original goal was to use geochemical modelling to help constrain the 
sedimentary sources to the BF. This proved unnecessary because of the rel-
atively simple provenance of most of the BF sediments. However, a lot of 
time and energy went into learning the statistical manipulations associated 
with principle component analysis (PCA). The following discussion was orig-
inally part of Chapter 5, but it was removed in order to shorten and simplify 
the chapter. Although PCA proved to be of limited use in interpreting BF 
sediments, the following introduction may be useful to students interested 
in applying the statistical technique to geological problems. A brief analy-
sis of BF sediments and the results of my statistical manipulations are also 
presented. 
1 PCA 
Principle components derived from data that sum to a constant total (i.e. 
compositional data) may produce spurious negative correlations (Chayes, 
1960) because the results are a 'closed' array. By definition, the results are 
also a closed array, which is subject to the possibility of imposed correlation 
(Chayes and Trochimczyk, 1978). Although these effects can be moderated 
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by increasing the number of variables used in the calculation, it often makes 
more sense to remove the effects of closure via the log-ratio transformation of 
compositional data described by Aitchison (1986). This method is relatively 
simple, summarised by the equation: 
x~j = 1n(~:) (E.l) 
where x~j is the transformed proportion j of sample i and 9i is given by: 
(E.2) 
Zero values render the log-ratio transformation meaningless, but no zero 
values were present in the data sets used in this study. Refer to Aitchison 
(1986) for the transformation of zero-value data. 
For data with n variables, principle components are derived from the 
sample covariance matrix: 
en C12 Clp 
C= 
C21 C22 C2p 
Cpl Cp2 Cpp 
where the diagonal element Cii is the variance of Xi, as given by: 
n ( - )2 st = L Xij- Xi 
i=l p- 1 
(E.3) 
and nondiagonal elements Cij are sample covariances between variables 
Xi and XJ, as given by: 
(E.4) 
geochemical variables with different measurement units are to be com-
bined into the same PCA analysis, it may be preferable to use the correlation 
matrix rather than the covariance matrix; this helps prevent any one variable 
from having too great an influence on the components (e.g. Manly, 1994). 
Principle components are derived from the eigenvalues and eigenvectors of 
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the covariance matrix and rotated by the varimax method to maximise the 
differences between components. Because the matrix is symmetrical, the 
eigenvectors are orthogonal and therefore uncorrelated. Principle compo-
nents have been extracted from major element data, trace element data, 
and a combination of the two. 
E.2 Results 
In all cases, the results suggest that statistical manipulation of BF data is 
useful in identifying the key mineralogical phases that control major and 
trace element distributions. 
Major Elements 
Three components explain 93.4% of BF data variance (Table 5.3). The first 
component displays strong correlations with Al203, Fe203, MnO, MgO, and 
K20. Given the mineralogical composition of ESISS sediments, this compo-
nent is interpreted to represent the high abundance of muscovite and chlorite 
in BF sediments. The negative correlations of Si02 and Na20 with compo-
nent 1 support this hypothesis because the major element geochemistry of 
Clutha river bedload is dominated by mixing of phyllosilicates and feldspar. 
Component 2 is correlated with CaO and LOI, suggesting that it represents 
biogenic carbonate; component 3 is correlated only with P205, which rep-
resents the combination of apatite and biogenic phosphorus. Component 4 
displays no significant correlations and represents a logical cutoff point for 
the PCA analysis. 
E.2.2 Trace Elements 
Four components explain 90.6% of BF trace element data variance (Table 
5.4). Unlike the major element PCA analysis, phyllosilicate phases alone do 
not define component 1. Rather, the high correlations associated with most 
trace elements suggest that this component broadly represents the silicate 
fraction of BF sediments. Component 2 is more 'refined' with the high cor-
relation with Rb, Cs, Ba, Th, and U suggesting that the relative abundance 
of phyllosilicate minerals within the silicate fraction (component 1) is the 
next most important control on bulk sample geochemistry. Similarly, com-
ponent 3 is characterised by strong correlation with Zr and and probably 
reflects the control of zircon on Zr and Hf concentrations. The lack of corre-
lation of component 3 with REEs suggests that zircon is not the dominant 
REE-bearing phase. Component 4 displays strong correlation with Sr, and 
is interpreted to represent biogenic carbonates. This conclusion is supported 
by the positive correlation of Sr with CaO values (Fig. 5.12), which are in 
turn correlated with LOI (Fig. 5.10). 
E.2.3 Combined Major Trace Elements 
Five components explain 94.4% of the variance of the combined BF ma-
jor and trace element data (Table 5.5). The first component demonstrates 
strong correlation between P205 and the majority of trace elements. This 
identifies apatite as the dominant control on BF sediment trace element con-
centrations, particularly REE. Component 2 is characterised by strong cor-
relation with most major elements and large ion lithophile elements (LILE), 
U, and Th, and represents the phyllosilicate fraction of BF sediments. Com-
ponent 3 displays correlation with CaO, LOI, and Sr, further demonstrating 
the importance of biogenic calcite as the main contributor of Sr to BF sedi-
ments. Zr, and to a lesser extent Ce are strongly correlated with compo-
nent 4, indicating the importance of zircon to these elemental abundances. 
Table : Principle component relationships with major elemental concen-
trations in Bounty Fan sediments. Bold numbers denote significant positive 
relationships between the 'composition' of the component and the given el-
ement. 
Si02 -0.48 -0.87 -0.08 0.00 
Ti02 0.93 0.02 0.20 0.14 
Al20 3 0.93 -0.30 0.12 -0.03 Factor % Total Variance 
F~03 0.97 0.16 0.12 -0.04 1 51.9 
MnO 0.85 0.40 0.08 0.29 2 83.6 
MgO 0.93 0.31 0.13 -0.05 3 93.4 
CaO -0.21 0.97 -0.02 0.10 4 94.6 
Na20 -0.42 -0.66 0.24 -0.05 
K20 0.98 0.10 -0.04 -0.11 
P20s 0.21 -0.05 0.96 0.01 
LOI 0.02 1.00 -0.01 -0.08 
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Table E.2: Principle component relationships with trace elemental concen-
trations in Bounty Fan sediments. Bold numbers denote significant positive 
relationships between the 'composition' of the component and the given el-
ement. 
Sc 0.73 0.54 O.Q7 -0.17 -0.08 
Ga 0.55 0.80 -0.03 -0.10 O.Dl 
Rb 0.37 0.92 -0.13 -0.03 O.Dl 
Sr -0.12 -0.08 -0.13 0.98 -0.02 
y 0.87 0.34 0.02 0.03 0.08 
Zr 0.25 -0.17 0.95 -0.09 -0.01 
Nb 0.61 0.76 0.09 -0.03 -0.02 
Mo -0.07 0.41 -0.10 0.36 O.o7 
Cs 0.34 0.91 -0.20 -0.02 0.04 
Ba 0.42 0.74 -0.14 0.02 0.51 Factor % Total Variance 
La 0.88 0.19 0.42 -0.04 -0.01 48.9 
Ce 0.84 0.25 0.45 -0.04 -0.08 2 75.0 
Pr 0.91 0.21 0.34 -0.05 0.00 3 85.3 
Nd 0.92 0.22 0.28 -0.05 O.Ql 4 90.6 
Sm 0.92 0.27 0.21 -0.07 0.02 
Eu 0.91 0.27 0.14 -0.05 0.05 
Gd 0.92 0.26 0.09 -0.05 0.06 
Dy 0.90 0.35 0.04 -0.02 0.03 
Ho 0.88 0.37 0.03 -0.03 0.04 
Er 0.87 0.41 0.07 -0.02 0.05 
Yb 0.80 0.48 0.17 -0.01 0.06 
Lu 0.77 0.50 0.18 0.02 O.o7 
Hf 0.32 -0.08 0.94 -0.09 -0.02 
Ta 0.59 0.74 0.11 -0.05 -0.02 
Th 0.70 0.66 0.20 O.Dl -0.10 
u 0.33 0.66 0.11 0.45 -0.04 
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Table E.3: Principle component relationships with all elemental concentra-
tions of Bounty Fan sediments. Bold numbers denote significant positive 
relationships between the 'composition' of the component and the given el-
ement. 
2 3 4 5 6 
Si02 -0.10 -0.51 -0.81 0.24 -0.10 -0.01 
TiO, 0.48 0.82 0.04 0.13 0.08 -0.08 
Al,03 0.39 0.83 -0.34 -0.03 0.06 -0.08 
Fe,03 0.33 0.90 0.09 -0.14 0.15 0.02 
MnO 0.22 0.80 0.34 -0.11 0.09 -0.03 
MgO 0.28 0.88 0.24 -0.18 0.11 0.04 
CaO -0.17 -0.12 0.96 -0.16 0.03 0.02 
Na,O -0.01 -0.48 -0.64 -0.08 -0.07 -0.19 
K,O 0.28 0.95 0.04 -0.03 0.02 0.07 
P,O, 0.88 -0.06 -0.01 -0.21 0.12 -0.01 
LOI -0.11 0.10 0.95 -0.24 0.06 0.06 
Sc 0.67 0.65 -0.19 0.08 0.08 -0.16 
Ga 0.46 0.87 -0.08 0.01 0.05 -0.03 
Rb 0.27 0.95 0.07 -0.05 0.01 0.07 
Sr -0.09 -0.15 0.92 -0.02 0.09 -0.13 Factor % Total Variance 
y 0.90 0.38 0.07 0.01 0.02 0.09 15.9 
Zr 0.29 -0.21 -0.23 0.89 -0.01 0.00 2 53.8 
Nb 0.50 0.83 0.00 0.16 0.01 -0.04 3 81.0 
Me -0.04 0.35 0.35 -0.03 0.87 0.01 4 86.5 
Cs 0.26 0.93 0.11 -0.12 0.03 0.12 5 94.4 
Ba 0.38 0.76 0.09 -0.10 0.05 0.49 6 96.4 
La 0.84 0.25 -0.11 0.44 -0.05 0.00 
Ce 0.75 0.34 -0.13 0.50 -0.07 -0.11 
Pr 0.87 0.28 -0.11 0.36 -0.05 -0.01 
Nd 0.89 0.30 -0.10 0.29 -0.02 -0.01 
Sm 0.90 0.35 -0.09 0.20 -0.04 0.01 
Eu 0.91 0.35 -0.07 0.13 0.01 -0.01 
Gd 0.92 0.33 -0.06 0.08 -0.01 0.04 
Dy 0.89 0.42 0.01 0.05 -0.01 0.02 
He 0.88 0.43 0.00 0.03 0.02 0.04 
Er 0.87 0.47 0.01 0.08 0.02 0.04 
Yb 0.79 0.53 0.02 0.18 -0.03 0.06 
Lu 0.77 0.54 0.06 0.20 0.03 0.08 
Hf 0.35 -0.12 -0.22 0.89 -0.01 -0.01 
Ta 0.50 0.80 -0.02 0.17 0.02 -0.04 
Th 0.58 0.72 0.01 0.29 0.00 -0.08 
u 0.27 0.65 0.48 0.27 0.15 -0.08 
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3 
e Principle Component Analysis (PCA) is a statistical tool that identifies 
the main mineralogical phases that control the major and trace ele-
mental compositions of BF sediments. However, the method requires 
substantial geological knowledge for optimal interpretation of the re-
sults. In this case, the geochemical signature is dominated by min-
eralogical phases from two sources; in other sedimentary provenance 
studies with additional geochemically diverse sources, PCA analysis 
could prove useful in identifying provenance. 
